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Anthropogenic warming and ocean acidification are occurring as CO2 continues to
accumulate in the atmosphere (OA). Few studies have evaluated the joint effects of elevated
temperature and partial pressure of CO2 (pCO2) on marine organisms. In this study we
investigated the interactive effects of Intergovernmental Panel on Climate Change (IPCC)
predicted temperature and pCO2 for the end of the 21st century on key aspects of larval
development of the American lobster, Homarus americanus, an otherwise well-studied, iconic,
and commercially prominent species in the northeastern United States and Atlantic Canada. Our
experiments showed that larvae (stages I-III) and postlarvae (stage IV) reared at the temperature
projected for the Northwest Atlantic by the year 2100 (19 °C) experienced significantly lower
survival, developed twice as fast, and had significantly higher oxygen consumption rates, than
those in 16 °treatments. Larvae from the high pCO2 (750 ppm) treatment at 16 °C had
significantly longer carapace lengths, and greater dry masses in stages I-III and C: N ratios in the

postlarval stage than postlarvae from all other treatments. Postlarvae raised in the high pCO2
treatment at 19 °C had significantly higher feeding rates and swimming speeds compared to
postlarvae from the other three treatments. Together these results suggest that projected endcentury warming will have greater adverse effects than increased pCO2 on larval survival,
however the interactive effects of increased temperature and pCO2 have an additive impact on
larval metabolism and behavior.
To complement and expand upon our suite of results, we examined gene expression in
postlarvae raised in each of the two pCO2 treatments at 16 °C. We selected 13 annotated genes of
interest (GOIs) that were differentially expressed between postlarvae from the two pCO2
treatments. We found 11 GOIs related to cuticle formation that were significantly downregulated
in postlarvae from the high pCO2 treatment, and two GOIs related to metabolism and stress
response that were significantly upregulated. These preliminary results in tandem with our
developmental, physiological and behavioral measurements provide insight into how H.
americanus postlarvae compensate for the stresses of an end-century pCO2 and maintain
successful development under these conditions. As is the case for most experiments of this
nature, our results may have been biased by the fact that we were only able to conduct
measurements on the small number of larvae that survived the rearing experiment. The results
must therefore be interpreted with caution. Understanding how the most vulnerable life stages of
the lobster life cycle respond to climate change is essential in connecting the northward
geographic shifts projected by habitat quality models, and the underlying genetic mechanisms
that drive their ecology.
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CHAPTER 1
INTRODUCTION
The input of anthropogenic carbon into the atmosphere has caused the ocean to warm and
acidify, but the joint effects of these changes remain unclear for the majority of marine species
(Caldeira and Wickett, 2003, Browman 2016). As 2016 shapes up to be one of the warmest
years on record and atmospheric pCO2 has officially surpassed 400 ppm worldwide, it is evident
that these changes are occurring at an unprecedented rate (NOAA, IPCC 2013). Changes in pH
and temperature are not uniform across the marine environment. Higher latitudes are
experiencing both sharper decreases in pH and more rapid increases in temperature than lower
latitudes (Fabry et al., 2009).The Northwest Atlantic and the Gulf of Maine in particular has
warmed steadily with its warmest year on record occurring in 2012 (Mills et al., 2013).
Pershing et al. (2015) stated that the Gulf of Maine has warmed an average of 0.026 °C
per year since the early 1980’s and that the rate of warming over the past decade has been faster
than nearly anywhere else on the planet. In addition, the ocean and coastal areas are acidifying
globally due to elevated CO2 concentrations. The Gulf of Maine is uniquely vulnerable to
acidification due to the cold temperatures and many freshwater inputs (Gledhill et al., 2015). A
relatively small number of ocean acidification (OA) studies have been conducted on species in
the Northwest Atlantic and even fewer have included relevant co-stressors such as increasing
temperature.
The American lobster is the most valuable single-species fishery in the United
States. It is the state of Maine’s largest export, and accounts for 81% of the state’s fishery
revenue. In 2015, lobster landings in Maine reached nearly half a billion dollars (ME DMR
2016). The landed value of lobster is equivalent to roughly 1% of Maine’s gross domestic
1

product, to say nothing of the value of the industries and businesses that depend on this fishery
(2014 Bureau of Economic Analysis). Given the immense value of this fishery and the collapse
of once profitable groundfish based fisheries, it is surprising that there have been no published
studies examining the combined effects of OA and warming on lobsters of any life stage (Waller
et al., 2016) yet data from such studies are necessary in order to predict the future of this species.
Understanding the effects of rising temperature is especially valuable to studies of
American lobster (Homarus americanus) embryogenesis and larval development. In the Gulf of
Maine lobster eggs are brooded by the adult female for roughly 10 months (Helluy and Beltz,
1991). Larvae hatch from eggs during the summer months when temperatures reach a minimum
of 12-15 °C (Hughes and Matthiessen, 1962). The developmental rate of lobster larvae is highly
temperature dependent. Unlike adults, larvae live in the surface waters and are sensitive to
adverse environmental conditions, like decreasing salinity and increasing temperature
(MacKenzie 1988), as well as predation. Given the ecological and economic importance of the
lobster, it is crucial that we examine how its most vulnerable life stage will respond to predicted
environmental changes.
Although temperature is a well-studied determinant of growth, development and survival
in marine organisms, including crustaceans (Ross et al., 1988, Anger 2001, Weiss et al., 2009,
Swingle et al., 2013), responses to changes in pCO2 have only been published in recent years. It
has become clear that the responses are species- and life-stage specific, and that calcifiers will
not be the only group affected by changing carbonate chemistry (reviewed by Whitley et al.,
2011, Gledhill et al., 2015). The potential impacts of OA are diverse and taxa dependant, but
larval and juvenile stages are consistently the most susceptible to a changing environment
(Pechenik 1987). Studies have shown that everything from the olfactory and sensory ability of
2

larval fish to the digestive efficiency of echinoderm larvae can be affected by high pCO2
(Munday et al., 2009, Stumpp et al., 2013). Marine calcifiers, primarily molluscs, have been
subject to the most study under these conditions, but studies of crustaceans especially have
produced diverse results and highlighted potential susceptibilities.
Crustaceans including adult lobsters, may be relatively resistant to OA as a single
stressor. Lobsters experience and survive a wide range of conditions suggesting that they have
mechanisms in place to maintain physiological homeostasis (Whiteley 2011). In addition, the
exoskeleton of lobsters contains a relatively stable form of calcium carbonate, high-magnesium
calcite, and the exterior of exoskeleton is further protected by a protective epicuticle that
prevents the disruption of calcification (Ries et al., 2009, Kroeker et al., 2010). While lobsters
and other crustaceans may be able to accommodate increased pCO2, there is evidence to suggest
that high pCO2 environments can reduce the thermal tolerance of crustaceans (Metzger et al.,
2007, Walther et al., 2009, Whiteley 2011). In ambient pCO2 environments H. americanus
larvae can survive up to 22-24 °C (Gruffydd et al., 1975, MacKenzie 1988). Under several endcentury IPCC projections, temperatures in the Gulf of Maine will increase by 2-3 °C. Along the
central Maine coast, this means temperatures of 19 °C or more, and pCO2 will double or triple
(IPCC 2013). It is unclear whether this increase in pCO2 will push larvae past their thermal
tolerances before they can adapt.
The literature on responses of marine organisms to elevated pCO2 has increased rapidly
over the past decade. To date, it is clear that the responses of crustaceans to OA vary from
species to species (Whiteley 2011, Gledhill et al., 2015). For example, tanner crab (Chionoecetes
bairdi) juveniles and Dungeness crab (Cancer magister) larvae experience decreased rates of
survival in raised pCO2 environments, while other crustacean species show no change (Arnberg
3

et al., 2013, Byrne et al., 2013 , Long et al., 2013, Schiffer et al., 2013, Miller et al., 2016).
There have not been enough studies on H. americanus to identify specific areas of vulnerability
when faced with rising temperature and pCO2. A large gap in our knowledge is that no studies
have connected developmental and physiological responses to gene regulation and expression in
H. americanus.
Despite the lack of a fully sequenced genome or an abundance of functional annotations,
several studies have advanced our understanding of differential gene expression in H.
americanus in response to short-term chemical and environmental stressors. Many of these
studies have examined the response of genes related to the crucial processes of cuticle formation,
chitin building and stress response. Larvae exposed to a sub-lethal concentration of the pesticide
endosulfan showed significant downregulation of chitinases and cuticular proteins, both of which
are needed for shell development (Bauer et al., 2013). Changes in temperature and salinity have
also been linked to significantly altered gene expression. Spees et al. (2002) found that two heat
shock proteins (HSP 70 and 90) had higher expression in juvenile abdominal muscles under
hypo- and hyperosmotic conditions. Juvenile lobsters acclimated to an ambient temperature of
~14°C and then exposed to higher temperatures had increased expression of HSP 70 and HSP 90
compared to lobsters acclimated to a cooler temperature (Spees et al., 2002b). These previous
works provide an indication that other environment changes, such as acidification, will cause
significant alterations in H. americanus gene expression, and that gene expression could be used
as marker of stress response and stress compensation. This study is the first to simultaneously
conduct developmental measurements and transcriptome sequencing on H. americanus
postlarvae exposed to a predicted end-century acidification scenario.
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In this study we report results from a two-way factorial experiment to examine how
temperature and pCO2 levels predicted for the end of the 21st century impact the earliest stages of
the lobster’s life in order to gain insight into the future dynamics of this key fishery. I compare
our results to the limited number of existing studies on the development of H. americanus and H.
gammarus larvae and those of other crustaceans under elevated temperature and pCO2. In
chapter two I present results on the growth, development, survival, oxygen consumption rate,
swimming speed, and feeding rates of larvae and postlarvae. In chapter three I present
preliminary results on the differential expression of key growth and metabolic genes. The results
of this work provide valuable insight into how the American lobster will respond to changing
oceanic conditions.
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CHAPTER 2
LARVAL SURVIVAL, DEVELOPMENT AND PHYSIOLOGY
2.1 Introduction
A literature review conducted as part of NOAA’s Northeast Coastal Acidification
Network made it clear that little is known about the consequences of OA and warming for
marine fisheries (NECAN; Gledhill et al., 2015). Nonetheless, evidence is emerging that the
effects of OA are species and life-stage-specific (Gledhill et al., 2015). OA studies involving
decapod crustaceans so far have been limited primarily to adults (Whiteley 2011). When we
began this work in 2014, only one study had examined the impacts of OA on the larval stages of
H. americanus (Keppel et al., 2012). A small number of studies have examined how European
lobster (Homarus gammarus) larvae will respond to these two aspects of climate change, but
these studies have produced mixed and sometimes contradictory results (Arnold et al., 2009,
Agnalt et al., 2013, Small et al., 2015). This NECAN review concluded that there is an urgent
need for this type of work on H. americanus larvae.
This study was designed to address that knowledge gap by focusing on the larval stages
to evaluate their vulnerability to projected warming and increased pCO2. In addition to being
culturally and economically important, the American lobster also has a rich history serving as a
model organism in crustacean physiology, neurophysiology and ecology (Factor 1995, Wahle et
al., 2013). The strong research history provides much needed background data on basic biology,
physiology and most recently genetic controls on growth and development. These aspects make
lobsters a suitable model system to investigate impacts of various high pCO2 and warming
scenarios on gene expression, physiology and behavioral ecology. Using a series of techniques,

6

we were able to assess a battery of performance indicators providing an unprecedented
evaluation of raised pCO2 and temperature effects on H. americanus larvae.
2.2 Methods
Ten ovigerous female lobsters were collected from midcoast Maine by lobstermen from
Boothbay Harbor and the Maine Department of Marine Resources in June of 2015 (sea surface
temperature = 15 °C). Females were kept in the seawater lab at the University of Maine’s
Darling Marine Center, Walpole, Maine for a maximum of two weeks. The hatch tank (2m
diameter, 0.75 m deep) received a continuous supply of ambient coarsely filtered sea water and
was fitted with 1 mm mesh screen to prevent larvae from being drawn into the overflow at a
central standpipe. We housed four to five egg-bearing females, with claws banded, in this system
before larvae were collected. We inspected the tank every 6 h until all females had hatched all
eggs. Larvae were collected and transported the short distance (37 km, 40 minutes) to Bigelow
Laboratory. During this time larvae were transported in sealed containers and kept cool with ice
packs. To be clear with our terminology, larvae of Homarus progress through three instars,
referred to as stages I, II and III, after which they metamorphose to the postlarval form,
commonly termed stage IV (Herrick 1895).
Experiments were conducted at Bigelow Laboratory for Ocean Sciences, East Boothbay,
Maine using 24 38 L conical tanks with a mesh-lined bottom. We stocked each tank with 250
larvae, giving an initial density of 6.6 larvae/ L. Larvae hatched within the same 6h time period,
from at least three ovigerous females, were placed in the same experimental tank and acclimated
to each treatment for a period of 6-8 h. Within each pCO2/°C treatment, three tanks were
assigned to assess survival and three to assess development time, carapace length, dry mass,
carbon and nitrogen mass, oxygen consumption rates (OCRs), swimming speed, and feeding
7

rate. The larvae in the tanks dedicated to survival measurements were not handled daily and were
not used for any other experimental parameters. Larvae were fed daily with live Artemia salina
nauplii to maintain a concentration of 5 A. salina nauplii/mL. A. salina were hatched daily at
room temperature under constant light exposure.
The control temperature of 16 °C reflects the average summer temperature in midcoast
Maine, and 19 °C was selected to represent the increase predicted by a moderate IPCC warming
scenario for the year 2100 (IPCC 2013). All tanks were kept in a temperature controlled room at
16 °C while half of the tanks were heated to 19°C with Hydor submersible glass aquarium
heaters. Tanks were cleaned every 48 hrs and filled with 0.2 μm filtered seawater preequilibrated to each pCO2 and temperature treatment. Tanks were bubbled with compressed air at
pCO2 levels of 380 and 750 ppm generated at Bigelow. Compressed air was stripped of CO2
(>10 ppm) with a Puregas VCD CO2 Adsorber. By using this method, the daily fluctuations in
the input airstream did not impact preset pCO2 values in each tank. Gases were mixed using
Aarlburg mass flow controllers with “blocks” for adjusting CO2 (GFC#37; 0-10mL min-1) and
air (GFC#17; range 0-5L min-1). The pCO2 of each mixture was measured periodically using
Licor model 820 CO2 sensors with an accuracy of +/- 1ppm prior to delivery to each individual
tank. Temperature, pH and salinity were measured daily to ensure that the chemistry within the
tank remained stable. Daily pH measurements were made with a pH electrode (Thermo Orion 3star, temperature compensated system) calibrated with pH NIST buffer standards (MettlerToledo, Leicester, UK). Salinity was measured with an Oakton SALT handheld meter. To
validate and add accuracy to daily pH measurements, pH was also measured twice a week using
spectrophotometry (Hitachi U3010 spectrophotometer) and the pH sensitive indicator dye mCresol purple sodium salt (Sigma-Aldrich) following SOP (standard operating procedure 6b:
8

Dickson et al., 2007). Samples of seawater were collected with polypropylene syringes and 40
mL of water was filtered through 0.2 μm syringe filters. Samples were analyzed immediately
after collection. For each pH measurement, 10 mL of each sample was slowly pipetted into two
quartz cuvettes with a 1 cm path length. The cuvettes were held at 16° C or 19°C in the
temperature controlled chamber of the spectrophotometer. 20 mM m-Cresol purple (10 μL) was
added to the sample cuvette, while the second cuvette served as a reference. Absorbance was
measured at 578 nm (A1), and 434 nm (A2) and 730 nm (background). We used equations in
SOP 6b (section 8.3) to correct A1/A2 for the addition of the m-Cresol purple dye. The final pH
value (total scale, pHT) was determined from Liu et al., 2011.
To measure total alkalinity (AT), seawater samples (40 mL) were taken twice a week and
fixed with saturated HgCl2 to eliminate all biological activity (Riebesell et al., 2010). Samples
were kept in dark and cool conditions until the sample was titrated with 0.01 N HCl using a
Metrohm 888 Titrando controlled by Tiamo software to perform automated Gran titrations.
Certified reference material (Andrew Dickson - Scripps Institution of Oceanography, San Diego,
USA) was used to calibrate AT measurements in our system. Carbonate chemistry parameters
(pCO2,[HCO3-], [CO32-], ΩAr, ΩCa ) within the tanks were calculated using CO2SYS2.1 (Lewis
and Wallace 1998) with the standard set of carbonate system equations using constants from
Mehrbach et al. (1973) and refit by Dickson and Millero (1987), KHSO4 from Dickson (1990)
and [B]T from Uppstrom et al. (1974) . Data input into CO2SYS2.1 included temperature,
salinity, pHT and AT. All chemistry results for each pCO2/°C treatment during the experiment are
reported in Table 1.
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Table 1. Water chemistry results over the course of this experiment. Data are means with SD for
all parameters throughout the experimental period.
pH(T)

HCO3-1
(µmol/ kg ) (µmol/ kg )

Treatment

Temperature
(°C)

Salinity
(ppt)

AT

Ambient CO2
- 16°C

16.2
± 0.2

31.5
± 0.3

8.066
± 0.01

2042
± 28

1699
± 31

High CO2 16°C

16.1
± 0.2

31.5
± 0.2

7.886
± 0.05

2131
± 29

Ambient CO2
-19°C

19.1
± 0.1

31.5
± 0.1

8.091
± 0.10

High CO2
- 19°C

19.2
±0.1

31.5
± 0.1

7.836
± 0.08

CO32-

ΩCa

ΩAr

137
± 2.2

3.35
± 0.1

2.14
± 0.03

1873
± 33

103
± 11

2.53
± 0.3

1.62
± 0.17

2090
± 16

1673
± 90

168
± 34

4.12
± 0.8

2.65
± 0.34

2100
± 18

1845
± 47

102
±17

2.61
±0.5

1.67
± 0.29

-1

-1

(µmol/ kg )

Survival assessments were conducted daily and the number of larvae in each tank was
recorded when larvae reached stage IV. Each day a 1 L sub-sample was removed from each
tank. The number of live larvae was counted via visual inspection to minimize handling of
larvae. Dead larvae were counted and removed. Any observations of cannibalism (partially eaten
larvae) were also noted. The percent of larvae still alive each day was calculated by dividing the
estimated number of larvae alive in each tank by the number of larvae used to stock the tank.
Carapace length from 10 haphazardly selected larvae was measured daily from each
experimental tank within a treatment. Every larva was examined under a dissecting microscope
to assess developmental stage based on stage-specific features (Herrick 1895). The first
appearance of each developmental stage in each treatment was recorded. The mean development
time for each treatment was calculated from the three replicate tanks. Each larva was
photographed using an Olympus SZ61 dissecting scope fitted with a 2X magnifier and a Canon
T3i digital camera. The photographs were analyzed for carapace length using NIH-ImageJ (NIH,
10

USA). Carapace length was measured as the distance from the back of the eye socket to the end
of the carapace. Larvae were returned alive to the appropriate tank after measurement.
Every three days, starting with eggs on the day of hatching, a minimum of three larvae
from each experimental replicate tank were removed to measure dry weight as well as carbon
and nitrogen mass. Eggs and individual larvae were rinsed three times in deionized water and
placed into pre-weighed tin boats. These boats were placed in a 40°C oven for a minimum of 48
h before being weighed. The samples were analyzed by Bigelow Laboratory Analytical Services
and combusted with a Costech ECS (Elemental Combustion System) 4010. All masses were an
order of magnitude above the instrumental threshold of sensitivity and corrected using blank
samples containing only the deionized rinse water.
Oxygen consumption rates (OCRs) were measured at each stage. Larvae of the same
developmental stage were individually selected from experimental tanks and placed into a 50 mL
container with water from the appropriate treatment. The container was sealed with a ground
glass stopper with a small (400 µm) hole in the top to accommodate the microelectrode. The
number of larvae in the container ranged from 15 for stage I-II, 10 for stage III and 1-2 for stage
IV. Measurements were made at 16°C or 19°C (±0.01°C) using a Forma Scientific CH/P water
bath (model 2006). Oxygen concentration was measured over the course of an hour and never
decreased more than 20% below saturation. Control OCR replicates containing only water from
each treatment provided background OCRs that included microbial respiration. A control OCR
replicate was run immediately after each experimental OCR replicate. A minimum of three
experimental OCR replicates and three OCR controls were measured at each stage from each
experimental tank within a treatment. OCRs were calculated from the slope of the decrease in
oxygen concentration over time, after accounting for oxygen consumption in the control
11

replicates. Mass-specific OCRs were calculated using the dry mass of the larvae used. Dissolved
oxygen was measured with a Clark-type oxygen microelectrode (Unisense; Aarhus, Denmark).
Electrodes were calibrated prior to all measurements with 0.2 μm filtered seawater bubbled for a
minimum of 1 hour to set the probe to the 100% dissolved oxygen measurement. The anoxic
measurement was set by placing seawater into a silicone tube that was immersed in a solution of
0.1 M sodium ascorbate and 0.1 M sodium hydroxide for 4 h or more. OCR trials were
conducted for only one hour to maintain the chemistry of each pCO2/°C treatment. This trial
duration aligns with other studies that measured OCRs of planktonic crustaceans in response to
acute toxicity exposures (Capuzzo 1977, Fields et al., 2015).
Feeding rate was measured in stage IVs from all treatments 48 h after molting. The length
of the experiment was optimized to allow enough time for the stage IVs to ingest a measurable
number of prey (>5%), but not drastically reduce the available food supply (no more than 30% of
the initial concentration). A single stage IV was selected from each experimental replicate tank
and placed into a 1 L polypropylene container with seawater pre-equilibrated to the appropriate
treatment. Using a dissecting microscope, 100 live A. salina (48 h old) nauplii were counted and
placed into the polypropylene container. Each container with the stage IV and A. salina was
sealed and kept in a dark incubator during the 6 h feeding period. At the end of this period, we
removed the stage IV from the container and counted the remaining A. salina. A total of 10
feeding measurements, using 10 different stage IVs (3-4 individuals from each experimental
replicate tank), were made for each treatment.
Swimming speed was analyzed in stage IVs (all 48 h post-molt) from the two pCO2
treatments only at 19 °C. Five stage IVs from each °C/pCO2 treatment, at least one from each
experimental replicate tank, were analyzed for the measurement of swimming speed. Swimming
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speed measurements were also conducted with stage IVs at 16 °C, but there was an insufficient
number of swimming events to analyze. Although over 5 h of video was recorded on stage IV
individuals from the 16 °C treatments, only one swimming event was recorded. Video
observations used to calculate stage IV swimming speed were made through a 2-L Plexiglas
vessel. The filming was done using shadow videography with an overall magnification of 5-10X.
The video cameras consisted of two perpendicularly mounted Point grey HD highspeed (60Hz)
cameras with 105-mm Nikon lenses. Through this configuration, the X Z coordinates and the Y
Z views of the larvae were recorded. Filming simultaneously from two perpendicularly mounted
cameras provided three-dimensional coordinates of the stage IV within the field of view. The 2-L
filming volume (10cm*10cm*20cm:lwh) was illuminated using two 632-nm LED diodes each
expanded to a 150 mm diameter beam using an Oriel 150mm lens (Newport, Stratford, CT,
USA). Images were recorded on a single Dell computer to provide synchronized images from
both views. Individual video frames (0.016 s) were analyzed using NIH-ImageJ. The coordinates
for each video frame were referenced by the starting location of the stage IV’s rostrum. The base
of the rostrum was denoted (Xo,Yo,Zo) and swimming distance (D) was measured from the
starting point of the stage IV’s rostrum to the final location of the rostrum (Xf, Yf, Zf). Distance
was calculated through the following equation:
Equation 1. Postlarval swimming speed.
𝐷 = √(𝑋𝑓 − 𝑋0 )2 + (𝑌𝑓 − 𝑌0 )2 + (𝑍𝑓 − 𝑍0 )2

We used two-way and three-way analysis of variance (ANOVA) to investigate the joint
effects of developmental stage, temperature and pCO2 on average development time, carapace
length, carbon and nitrogen mass, dry mass, OCRs, mass-specific OCRs at all four stages, and
feeding rate in stage IVs. Separate experimental replicate tanks represented the initial unit of
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treatment replication. For each of these experimental measurements we found that the difference
between replicate tanks within a treatment was not significant (p>0.05). Therefore, the factor
replicate tank was excluded from our analysis (Feder and Collins et al., 1982). Levene's mean
test was used to test for equal variance, and a Shapiro-Wilk test was used to test for a normal
distribution. The Holm-Sidak method was used to conduct post-hoc analyses. When a data set
was non-normal, a log transformation was applied. To account for a skewed distribution, all
development time, dry mass, mortality and OCR data was log transformed prior to analysis.
Carapace length data were transformed using a Box-Cox statistical transformation. Survival was
analyzed with a repeated measures ANOVA to reflect repeated observations. Swimming speeds
were analyzed with a one-way repeated measures ANOVA since measurements were made from
a single larva over the course of an hour. All statistical analyses were performed in SigmaPlot
11.0 or ‘R’ statistical and programming environment (R Development Core Team 2009).
2.3 Results
Larvae raised at 19 °C experienced significantly lower survival than those at 16 °C, but
we observed no significant effect of elevated pCO2 (Table 2). Half-way through the total time of
the trial, all larvae in the 19 °C treatments were in stage IV and only 2.6% (± 0.9 SD) of the
initial number of larvae were alive whereas larvae in the 16 °C treatments were in stage II and an
average of 19% (± 2.8 SD) were still alive.
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Table 2. Summary of ANOVAs used to evaluate the impact of molt number, temperature and
pCO2 treatments on survival and development rates of H. americanus larvae. A three-way
ANOVA was used to evaluate development time of larvae from each treatment. Significant
values (p<0.05) are bolded.
Response
variable

Treatment

DF

Mean square

F

P

Survival

Temperature

1

2.75

4.86

pCO2

1

0.16

0.28

0.03
0.59

Days

25

3.46

55.25

<0.01

Temp. x pCO2

1

0.41

0.71

0.40

Temp. x Days

25

0.17

6.61

<0.01

pCO2x Days

25

0.02

0.30

1.00

Residual

112

0.02

Temperature

1

0.51

221.25

<0.01

pCO2
Molt number
pCO2 x molt number
Temp. x molt number

1
2
2
2

0.00
1.59
0.00
0.09

0.03
690.06
2.33
38.74

0.87
<0.01
0.11
<0.01

Temp. x pCO2

1

0.00

0.14

0.71

Temp. x pCO2 x molt
number
Residual

2

0.00

0.94

0.40

49

0.00

Development time

A primary source of mortality was cannibalism. Cannibalism occurred during all stages,
but we saw the most cannibalism during the final two stages. We observed, from partially eaten
larvae, but did not directly quantify, large decreases in survival when the first larvae at stage III
began to cannibalize earlier stages during days seven and ten (Figure 1). The larvae from the
high pCO2 treatment at16 °C had the highest average survival to stage IV (1.6%), and the larvae
from the high pCO2 treatment at 19 °C had the lowest average survival to that stage (0.79%).
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Figure 1. H. americanus larval survival (% alive) in each treatment each day after hatching
(±SD).

Development time from hatching to stage IV ranged from 10 to 32 d. The mean
development time was calculated from each replicate tank and then by treatment. Larvae raised
at 19 °C developed more than twice as fast as those at 16 °C (Figure 2). However, within these
temperature treatments we observed no significant difference in development time between the
two pCO2 treatments (Table 2). Larvae developed significantly faster at 19 °C regardless of the
pCO2 (Table 2).
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Figure 2. Day to first appearance of each H. americanus developmental stage (means ±SD). S II=
stage II. S III= stage III. S IV= stage IV.

Stage I carapace lengths ranged from 2.3 - 2.4 mm and stage IV carapace lengths ranged
from 4.4 - 4.8 mm in all treatments (Figure 3). Larvae from the high pCO2 treatment raised at 16
°C had significantly longer carapace lengths (Table 3). No other main effects or interactions
were significant. This means that higher temperatures led to rapid maturation at smaller carapace
lengths.
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Table 3. Summary of ANOVAs used to evaluate the impact of temperature, pCO2 and stage on
H. americanus carapace length, dry mass and C:N. Significant values (p<0.05) are bolded.
Response variable

Treatment

DF

Mean square

F

P

Carapace length
(Stage I-IV)

Temperature

1

0.00

0.01

0.90

pCO2
Stage

1
3

0.00
0.33

0.74
<0.01

Temp. x pCO2
pCO2 x Stage
Temp. x Stage
Temp. x pCO2 x Stage
Residual
Temperature

1
3
3
3
577
1

0.00
0.00
0.00
0.00
0.00
0.00

0.10
14133.
00
0.56
1.64
4.31
2.71
0.96

0.33

pCO2
Stage
Temp. x pCO2
pCO2 x Stage
Temp. x Stage
Temp. x pCO2 x Stage
Residual
pCO2
Stage
pCO2 x Stage
Residual
Temperature
pCO2
Stage
pCO2 x Temp.

1
2
1
2
2
2
28
1
3
3
16
1
1
2
1

0.04
0.89
0.00
0.01
0.04
0.05
0.07
0.03
5.79
0.00
0.00
0.01
0.02
0.06
0.00

21.59
496.30
4.29
6.41
22.64
0.71

<0.01
<0.01
0.05
0.00
<0.01
0.50

3.91
593.75
0.69

0.06
<0.01
0.57

0.34
5.90
16.82
2.47

0.56
0.02
<0.01
0.12

pCO2 x Stage

2

0.00

1.81

0.18

Temp. x Stage

2

0.00

2.14

0.13

pCO2 x Stage x Temp.
Residual

2
28

0.00
0.00

0.73

0.48

Dry mass
(Stage 1-3)

Dry mass
(Stage 1-4, 16°C)

C/N
(Stage 1-3)
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0.45
0.179
0.00
0.04

Figure 3. Effect of temperature and pCO2 on larval H. americanus carapace length (mm, mean
±SD) at each developmental stage.
H. americanus larvae all exhibited exponential increases in dry mass and C: N mass from
stage I to IV (Figures 4, 5). Measurements of these parameters from stage IV’s could only be
collected in the 16 °C treatments due to low survival in the 19 °C treatments. Larvae from the
high pCO2 treatment raised at 16 °C had significantly heavier stage I-III larvae compared to their
counterparts in any other treatment (Table 3). Our analysis of stages I-IV from the 16 °C
treatments showed only the expected significant effect of stage on body mass (Table 3).
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Figure 4. Dry mass of larval H. americanus (means ±SD) raised in the four treatments at each
developmental stage.
Average C: N values were highest in eggs (5.35 ±0.33 SD) and stage IVs from the high
pCO2 treatment raised at 16 °C (5.0 ±0.04 SD). Larvae in stages I-III in all treatments showed a
narrow range of C: N values (3.9-4.3) although C: N values were significantly higher in stage II
and III larvae from the ambient pCO2 treatments (Figure 5, Table 3). At 16 °C elevated pCO2
treatment had a positive effect on C: N of stage IVs (Mann-Whitney Ranks Sum, T=10, U=0.0,
p=0.029).
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Figure 5. Carbon: nitrogen of H. americanus (means ±SD) raised in the four treatments at each
larval stage.
Whole body OCRs increased from stage I to IV across all treatments presumably because
of the increase in body mass (Figure 6a). We found a statistically significant, positive
temperature effect, but no significant pCO2 effect (Table 4). Stage III larvae at 19 °C had OCRs
three times as high as larvae raised at 16 °C. Stage IV OCRs from the 19 °C treatments were
about 25% higher than stage IV OCRs from the 16 °C treatments.
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Figure 6. Whole body (a) and mass-specific (b) oxygen consumption rates (means ±SD) of H.
americanus larvae raised in each treatment at each developmental stage.

Mass-specific OCRs, however, remained relatively constant for larval stages I-III, but
dropped dramatically by about 50% after the metamorphosis to stage IV (Figure 6b). We found
no statistically significant effect of temperature or pCO2 treatments at any stage, however (Figure
6b, Table 4).
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Table 4. Summary of two-way ANOVAs used to evaluate each treatment and their interaction for
each designated response variable on H. americanus larvae. P values from significant post-hoc
analyses (Holm-Sidak method, difference from 16°C treatments) are included for OCRs.
Significant values (p<0.05) are bolded.
Response
variable

Treatment

DF

Mean square

F

P

OCRs

Temperature

1

0.00

12.97

<0.01

pCO2
Temp. x pCO2

1
1

0.00
1893.40

1.35
0.02

0.26
0.89

Residual

21

0.00

Massspecific
OCRs

Stage III (19°C),post-hoc

<0.01

Stage IV (19°C), post-hoc

<0.01

Temperature

1

0.00

1.18

0.30

pCO2

1

0.00

0.01

0.92

Temp. x pCO2

1

0.00

0.12

0.73

Residual

10

0.00

The swimming speed of stage IVs raised at 19 °C in the high pCO2 treatment was about
40% higher than for those raised at ambient pCO2 at the same temperature (Figure 7, Table 5).
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Table 5. Summary of one and two-way ANOVAs used to evaluate each treatment and their
interaction for each measure of H. americanus stage IV activity. P values from significant posthoc analyses (Holm-Sidak method, difference from 16°C treatments) are included for feeding
rate. Significant values (p<0.05) are bolded.
Response
variable
Swimming
speed (19°C)
Feeding rate

Treatment

DF

Mean
square

F

P

24.48

<0.01

18.23
2.35
13.87

<0.01
0.13
<0.01

pCO2

1

0.00

Residual

157

0.00

Temperature
pCO2
Temp. x pCO2

1
1
1

94.39
12.17
71.82

Residual

32

165.65

High pCO2
(19 °C), posthoc

1

<0.01

Figure 7. Swimming speed of H. americanus postlarvae raised under two pCO2 s at 19 °C
(means ±SD). Significant differences are denoted by letters.
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We also found a significant positive effect of elevated pCO2 on stage IV feeding rate at 19 °C but
not at 16°C (Figure 8, Table 5). Stage IVs raised in the high pCO2 treatment at 19 °C fed at rates
some 40% higher than in the other three treatments.

Figure 8. Feeding rate of H. americanus stage IVs raised in each of the four treatments (means
±SD). Significant differences are denoted by letters. Black bars represent ambient pCO2
treatments (input of 380 ppm) and gray bars represent high pCO2 treatments (input of 750 ppm).
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2.4 Discussion
Our results imply that projected end-century warming will be more consequential than
end-century pCO2 for larval development in the American lobster. Relative to the effects of
elevated pCO2, increased temperature has a more marked impact on many aspects of Homarus
americanus larval development. Our results indicate that the higher temperature that lobster
larvae may experience in the year 2100 caused accelerated development and increased OCRs.
We did not quantify cannibalism in each treatment, but higher swimming speeds and feeding
rates could have led to increased cannibalism in the 19 °C treatments. Elevating pCO2 from
ambient to ~750 ppm had no direct impact on these critical aspects of larval survival.
Nonetheless, we found a significant interactive effect of pCO2 and temperature in the dry mass,
stage IV swimming speed and feeding rate. It is important to note that, as with most other
studies, we report the results of short-term experimental treatments that may not reflect the
response of a species to environmental change over many generations. Still, these results offer
new insight into how the interactive effects of warming and rising pCO2 may alter short term
larval development. Measuring rates of ATP production and calcification would expand upon
these findings in the future.
We observed no adverse effect of elevated pCO2 on larval survival in either temperature
treatment. Survival in many larval crustaceans has not been sensitive to a range of elevated pCO2
at ambient and experimental temperatures. Species studied include European lobster, H.
gammarus (Small et al., 2015), Northern shrimp, Pandalus borealis (Bechmann et al., 2011),
spider crab, Hyas araneus (Schiffer et al., 2013) and tanner crab, Chionoecetes bairdi (Long et
al., 2016). Larval survival in our study was strongly temperature-dependent. In contrast, a
previous comparison of American lobster larval development in which larvae were reared
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individually reported no consistent relationship between temperature and survival over
temperatures ranging from 9.8 to 22 °C (MacKenzie 1988). Similarly, survival of H. gammarus
and velvet crab (Necora puber) larvae were unaffected by temperatures below 24°C under
saturated food conditions (Jackson et al., 2014). The difference between those results and the
results seen in this study may be related to the culturing method. We reared larvae communally
while the aforementioned experiments have raised larvae in individual tanks.
Our relatively low survival rates are comparable to previously published communal larval
rearing experiments of Homarus larvae (Beal and Chapman 2001, Small et al., 2015). We
attribute the low survival we observed from stage III onward to cannibalism. We observed that
heightened larval mortality occurred when more advanced larval stages began to cannibalize
earlier stage larvae. Cannibalism is likely an artifact of the high densities. Natural larval densities
are generally several orders of magnitude lower in the wild, which would greatly diminish the
impact of cannibalism in natural populations (Incze et al., 2010). Given that cannibalism
occurred in all treatments and the significant influence of temperature, we infer that the pCO2
expected by the end of the century may not have as great an impact as end-century warming. We
recognize that in nature larvae likely encounter widely varying temperatures due to small scale
differences in seasonal warming and stratification and undertake movements to optimize their
exposure to favorable temperatures (Boudreau et al., 1992, Annis 2005).
The rate of larval development showed significant temperature effects but no direct or
indirect effect of pCO2. These results are consistent with the previous findings of Arnold et al.
(2009) and Small et al. (2015) who found no significant impact of pCO2 on larval development
time in H. gammarus larvae, but run contrary to those of Keppel et al. (2012) for H. americanus
who raised larvae at 1200 ppm. The high temperatures (~20 °C) used by Keppel et al. (2012)
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may contribute to this disparity because temperatures of 20-21°C are deleterious to American
lobster larvae (MacKenzie 1988). Previous research has demonstrated that exposure to elevated
pCO2 (over 750 ppm) can lower the thermal tolerance of the edible crab, Cancer pagurus, and the
spider crab, Hyas araneus (Metzger et al., 2007, Walther et al., 2009, Whiteley 2011). At an
high pCO2, temperatures of 20-21 °C may have a stronger adverse effect on H. americanus larval
development.
Oxygen consumption rate is a key measure of metabolic rate. Larvae raised in the high
temperature treatments had significantly higher OCRs than larvae at the low temperature. No
difference was found in the OCRs as a function of the pCO2 treatment. These results are
consistent with experiments performed with the nauplii of the Arctic copepod, Calanus glacialis
(Bailey et al., 2016) and Northern shrimp larvae, P. borealis (Arnberg et al., 2013). Although
OCR increased as a function of developmental stage, when adjusted for dry mass, the massspecific OCRs declined as the animals grew larger. There were no significant differences
between treatments or stages I-III. When the lobsters molted to stage IV, the mass-specific OCRs
decreased more than 50%, signaling greater metabolic efficiency as growth rates decrease and
swimming appendages fully develop allowing for efficient movement (Small et al., 2015).
The higher OCRs at warmer temperature are likely the result of the increased metabolic
costs associated with faster growth rates. At 16°C, larvae increase their dry mass 0.24 mg/day.
At 19 °C, the growth rate increased by 54% to 0.37 mg/day. The metabolic costs of increased
activity are hard to measure directly. However, some model results suggest that the energetic
cost of swimming in other planktonic crustaceans, such as copepods, is relatively expensive
(Morris et al., 1985). Furthermore, the act of feeding itself causes a rise in metabolic rate
stemming from the activities involved in the ingestion, digestion, absorption, and assimilation of
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the prey. Thus the increases in metabolic costs associated with temperature are complex and
typically nonlinear.
We saw significant interactive effects in our measurements of larval length, dry mass, stage
IV C: N and stage IV feeding and swimming. Increased pCO2, at ambient temperature, produced
larger and heavier larvae while having no direct effect on the rates of development or OCR. This
increase in length and mass may be associated with elevated rates of calcification, a result seen
in adult American lobsters under a pCO2 of 2600 ppm, though calcification rates were unchanged
in lower pCO2 treatments (Ries et al., 2009, 2011). Interestingly, stage IVs at 19°C had
swimming speeds and feeding rates that were nearly 50% higher in the high pCO2 treatment,
despite showing no concomitant increase in OCR.
A meta-analysis of climate change studies showed that environmental stressors can have
significant interactive effects that often go undetected in single-stressor experiments (Wernberg
et al., 2012). Our suite of results showed that larvae from the high pCO2 treatment at 16 °C were
longer, heavier, developed slower, consumed less oxygen and ate less than larvae raised in the
high pCO2 and 19 °C treatment. Some results differ from previous studies on European lobster
larvae and juveniles, highlighting the importance of multi-stressor studies and understanding
stage-specific, species-specific responses to warming and OA (Arnold et al., 2009, Whiteley
2011, Agnalt et al., 2013, Small et al., 2016). Energy and mineral budgets were not monitored in
this study, so how rising pCO2 and warming may impact the overall composition, distribution
and longevity of H. americanus is still not known. In these experiments it is difficult to
distinguish physiological effects from population effects. To do so would require additional
study at a larger scale. We believe this work is an important first step into understanding these
differences and gives insight into the response of this species. Notwithstanding the possibility of
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long term, multigenerational adaptation, the effects of increasing pCO2 and temperature could
have wide-ranging ecological implications including changes in local fitness, shifting
biogeographical ranges and community composition (Somero 2002, Pörtner and Farrell 2008,
Pörtner and Peck 2010).
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CHAPTER 3
DIFFERENTIAL EXPRESSION
3.1 Introduction
In chapter two we investigated the developmental and behavioral responses of Homarus
americanus larvae to a projected IPCC end-century temperature and pCO2. However, organisms
also respond to environmental changes through gene expression. Previous studies have already
shown the potential for phenotypic buffering and adaptive genetic diversity in other decapod
crustacean species allowing these animals to inhabit highly variable environments (Reusch
2014). In this study we evaluate how gene expression changes in the commercially valuable
American lobster in response to elevated levels of CO2 simulating conditions anticipated by the
end of the 21st century
Recent increases in the speed and accessibility of transcriptome sequencing (RNA-Seq)
have led to advances in our understanding of gene expression in many species, and in turn, the
response of the transcriptome to changes in the environment. Transcriptomic data from nonmodel organisms, like H. americanus, are analyzed without a complete genome sequence,
through de-novo assembly (Haas et al., 2013). This approach reconstructs the transcriptome of an
organism solely from its sequence reads. The assembled transcriptome are then used to identify
any genes that are differentially expressed under different conditions. Several programs and
databases are now available to quickly assign functional annotations to thousands of genes, or
transcripts. The National Center for Biotechnology (NCBI) database, the Insect Innate Immunity
Database and Swiss-Prot all are used, with varying degrees of success, because many databases
rely heavily on well-known conserved genes, to annotate H. americanus transcripts from nonmodel organisms (Clark and Greenwood 2016). This type of analysis is especially interesting for
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studies of H. americanus because previous work has shown links between larval development
and the regulation of genes involved in essential physiological responses (Bauer et al., 2013,
Hines et al., 2014). We simultaneously measured environmentally induced changes in the
development, physiology and gene expression of lobster postlarvae utilizing RNA-Seq and
bioinformatic analysis.
The purpose of our study was to examine the effect of a predicted end-century pCO2, 750
ppm, on H. americanus postlarval gene expression. To our knowledge, no studies have examined
how rising pCO2 affect gene expression in American lobsters during any life stage. In the
discussion of this paper we review the few other studies published to date on the impact of
elevated pCO2 on gene expression in other crustaceans. We specifically focused on genes with
known connections to the developmental, physiological and behavioral measurements discussed
in the previous chapter (Waller et al., 2016). These results provide a foundation for future
research on how changing environmental conditions will affect the development and gene
expression of larval crustaceans.
3.2 Methods
Four ovigerous female lobsters were collected from the Damariscotta River on the coast
of Maine in June of 2014 (ambient temperature-15 °C) with the help of Boothbay Harbor
lobstermen and the Maine Department of Marine Resources. Adult lobsters were maintained in
running seawater (31 ppt, 15 °C) at the University of Maine’s Darling Marine Center. A full
description of the maintenance and monitoring protocol for adult lobsters is included in chapter
two. Once hatched, larval lobsters were collected and transported to Bigelow Laboratory for
Ocean Sciences (BLOS).
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Approximately 1000 larval lobsters were reared at BLOS using the ocean acidification
system described in chapter two. Larval lobsters were raised in triplicate tanks at 16 °C at either
a pCO2 of 380 ppm or 750 ppm. Individual postlarvae were collected 48 h after molting and
starved for 24 h in 0.2 μm filtered seawater (FSW). Each post-larva was rinsed three times in
UV-sterilized 0.2 μm FSW and immediately placed individually into cryotubes containing 1 mL
of RNAlater® (Ambion). Three postlarvae were collected from the ambient pCO2 treatment and
four were collected from the high pCO2 treatment. All samples were maintained at 4°C for 24 h
and then transferred to -80°C for long term storage.
We performed RNA extractions and RNA-Seq to test our hypothesis that gene expression
in the postlarval stage would be altered by exposure to an elevated pCO2 treatment. Preserved
larval lobster samples were thawed and homogenized in Trizol using an OMNI International TH
electric homogenizer following the method in Clark et al., 2013. A mixture of Chloroform and
200 µL /mL of Trizol was added to the sample and incubated at room temperature and then
centrifuged at 12,000 g for 15 min at 4oC. The aqueous phase was removed and added to an
equal volume of 100% ethanol. Purified RNA was extracted using a Qiagen RNeasy mini kit
according the manufacturer’s instructions with an on-column DNaseI digestion. Isolated RNA
was quantified using a NanoDrop1000ND spectrophotometer (Thermo Fisher Scientific) and the
quality was verified using an Agilent Bioanalyzer 2100. One ng of RNA was used to generate
cDNA using a SuperScript® IV First-Strand Synthesis Kit (Invitrogen).
Sample RNA was submitted to Genome Quebec (Montreal, PQ, Canada). Genome
Quebec performed library preparation using a TruSeq Stranded Total RNA Library Prep Kit
(Illumina). Library quality was confirmed and PE100 sequencing reads were performed on an
Illumina 2000. Raw sequencing reads were uploaded to the Biomina Galaxy Server (Cock et al.,
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2013, Galaxy Version 2.1.1.1). The quality of the raw reads was assessed using FastQC
(Blakenberg et al., 2010, Galaxy Version 1.0.0 ). The Trinity bioinformatics suite was used to
assemble a de novo transcriptome (Grabherr et al., 2011,Trinity Release v2.2.0 ). Bowtie was
used to align sample reads to the Trinity assembled transcriptome (Langmead et al., 2009,
Galaxy Version 1.1.2) and Cufflinks was used to assemble reads into transcripts (Trapnell et al.,
2010, Galaxy Version 0.0.7). Cuffdif was used to align sample reads to transcripts (Trapnell et
al., 2012, Galaxy Version 0.0.8) and DeSeq 2 was used to determine differential transcript
expression (Anders and Huber, 2010, Galaxy Version 1.0.19). Briefly Blastx was used to find
similarity between our transcripts and proteins in the GenBank protein database, Gene Ontology
was used to assign functional terms, KEGG was used to assign enzyme numbers and InterPro
was used to assign domain information (Blast2GO 4.0.2, Ashburner et al., 2000, Götz et al.,
2008, Cock et al., 2013). We also searched the literature to find other gene sequences connected
to the processes of tissue and shell development and we looked for the presence of these
sequences in our postlarval samples.
3.3 Results
Our analysis yielded 629 differentially expressed transcripts in postlarvae from the two
pCO2 treatments. We used Blast2GO (B2G) to assign functional annotations to nearly 48% of
these transcripts (Table A1). E-values, a measure of random background noise, and the species
distribution of BLAST hits were generated in B2G (Figure AB1, Figure AB2). From these
annotated transcripts we selected 54 genes of interest (GOIs). GOIs had an E-value of at least 105

and a known function related to cuticle formation, stress response or development (Table 6).

The function of GOIs was determined using B2G descriptions, GO term assignments and the
presence of GOIs in existing literature.
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We calculated and plotted the expression of GOIs as a function of log2 fold change to
represent up or downregulation in postlarvae from the high pCO2 treatment. The majority of the
GOIs selected only showed expression in one pCO2 treatment and one postlarval replicate, so we
could not analyze these GOIs any further or calculate a log2 value for these genes. Only 13 GOIs
in total were expressed in both treatments and in more than one postlarval sample. We examined
11 GOIs related to cuticle building and chitin formation. All 11 were downregulated in
postlarvae from the high pCO2 treatment with log2 values ranging from -1.9 to -4.1 (Figure 9).
In contrast, only two GOIs related to stress response and metabolism were expressed in
postlarvae from both pCO2 treatments. Both of these GOIs had positive log2 values indicating
that these genes were upregulated (Figure 9). We also found three non-differentially expressed
genes with known functions to shell building or tissue formation (Figure 9, Table 7).
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Table 6. The 54 GOIs originally selected from differentially expressed H. americanus genes. All
GOIs were annotated in B2G. GOIs are listed in order of the corresponding transcript.
Transcript

Description of GOI

Function of GOI

comp36749_c0_seq1:21-309

S-adenosylmethionine
synthetase
Isoform A

Many aspects of development

comp37809_c0_seq1:1-565

Larval cuticle 9

Structural constituent of cuticle

comp46343_c0_seq1:0-453

Structural constituent of cuticle

comp46499_c0_seq1:0-398

Endocuticle structural glyco
bd-1
Cuticle Collagen 34

comp48229_c0_seq1:61-494

Cuticle collagen dpy-5

comp49644_c0_seq1:0-404

Tyrosine- kinase receptor Tie1
GTP-binding nuclear Ran

comp37046_c0_seq1:0-1011

comp53154_c0_seq1:0-408
comp54164_c0_seq1:0-510

Chitin binding

Collagen trimmer, structural constituent of
cuticle
Organism development
Protein tyrosine kinase activity
Positive regulation of protein binding

comp55912_c0_seq1:77-987

von Willebrand factor type A
domain
Urea-proton symporter DUR3

Urea transmembrane transport

comp58898_c0_seq1:0-477

Chitin binding domain

Chitin binding

comp63173_c1_seq1:0-394

Inorganic phosphate activity

comp63285_c0_seq1:1-521

Sodium-translocating
pyrophosphatase
Heat shock partial 90

Positive regulation of protein binding

comp64165_c0_seq1:0-494

Pupal cuticle 20 like

Structural constituent of cuticle

comp67066_c0_seq1:6-324

Glutathione S-transferase
GSTApoptosis-inducing factor 1

Metabolic activity

comp67831_c0_seq1:0-381
comp69601_c0_seq1:128-481

Collagen trimmer

Single organism process, apoptosis

comp69735_c0_seq1:0-208

S-adenosylmethionine
synthase 4
Cuticle collagen 6

Many aspects of development

comp70531_c0_seq1:0-661

Cathepsin b

Collagen trimmer, structural constituent of
cuticle
Proteolysis

comp70951_c0_seq1:0-570

Cellulase

Carbohydrate metabolic process

comp71797_c0_seq1:0-932

Transforming growth factor

Proteinaceous extracellular matrix

comp72357_c0_seq1:0-1039

Cuticle Pro

Structural constituent of cuticle

comp73267_c0_seq1:8-399

Heat shock 90 partial

Response to stress, protein folding

comp74987_c0_seq1:66-928

Iron ion binding

comp75628_c0_seq1:0-953

Dietary restriction down
regulated
Chymotrypsin

Collagen trimmer

comp76165_c0_seq1:0-2182

Dentin sialophospho –like

Structural constituent of cuticle

comp76279_c0_seq1:0-593

Arthrodial cuticle

Structural constituent of cuticle

comp76695_c0_seq1:0-819

Cuticle Pro

Structural constituent of cuticle

comp76750_c0_seq1:0-821

Trypsin

Serine-type peptidase activity

comp76843_c0_seq1:0-315

Heat shock partial

Response to heat

comp77575_c1_seq1:21-393

Collagen triple helix repeat

Collagen trimmer

comp78472_c0_seq2:0-512

Heat shock cognate 71 kDa

ATPase activity, many aspects of development

Calcification-associated
peptide-2

Structural constituent of cuticle

comp79720_c0_seq1:0-522
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Table 6. Continued
comp79720_c0_seq2:2-509

Calcified cuticle

Structural constituent of cuticle

comp81042_c0_seq1:0-728

Trypsin partial

Proteolysis

comp81056_c0_seq1:0-954

Cuticle collagen dpy-5

Organism development

comp82313_c0_seq2:0-516

Cathepsin L

Peptidase activity

comp82469_c0_seq4:19-1407

Heat shock 70 kDa C

ATPase activity

comp84196_c0_seq1:0-1258

Cuticle 6

Structural constituent of cuticle

comp85131_c0_seq1:0-737

Calcified cuticle isoform B

Structural component of cuticle

comp85131_c0_seq2:4-988

Calcified cuticle isoform B

Structural component of cuticle

comp85131_c0_seq5:15-749

Calcified cuticle isoform B

Structural component of cuticle

comp85624_c0_seq1:0-1466

comp86578_c0_seq1:53-1034

Nematode cuticle collagen
domain
Nematode cuticle collagen
domain
Cuticle collagen 6

comp87315_c0_seq2:23-317

Capthepsin L

Endoplasmic reticulum unfolded protein
response
Structural component of cuticle, larval
development
Collagen trimmer, structural constituent of
cuticle
Protein binding

comp88050_c0_seq2:3-2238

Heat shock 70 partial

ATP binding

comp88267_c0_seq1:33-397

Capthepsin L

Proteolysis

comp89550_c0_seq1:0-437

Chitinase

Chitin metabolic process

comp90865_c0_seq1:0-448

Endocuticle structural glyco
bd-1
Chondroitin proteoglycan-2like
Small heat shock p26

Structural component of cuticle

Structural component of eye lens

Nematode cuticle collagen
domain
Heat shock 70 partial

Collagen trimmer, structural constituent of
cuticle
ATP binding

comp85624_c0_seq2:0-855

comp91633_c0_seq1:0-548
comp92231_c0_seq1:0-354
comp93985_c0_seq1:1-435
comp95967_c0_seq1:0-1052
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Chitin binding

Figure 9. Log2 fold change of GOIs. This includes additional genes connected to shell and tissue
formation in postlarvae from the high pCO2 treatment compared to postlarvae reared in the
ambient pCO2 treatment. Orange bars represent GOIs related to metabolism and stress response
while blue bars represent GOIs connected to exoskeleton formation. B2G descriptions and
transcript identifications are given on the x-axis.

Table 7. Genes related to shell and tissue formation that were not differentially expressed in H.
americanus postlarvae. All transcripts were annotated using B2G.
Transcript

Description

Function

comp112752_c0_seq1

Arginine kinase

ATP binding, phosphorylation

comp51739_c0_seq1

Calcyphosin isoform X1

Calcium ion binding

comp83335_c1_seq1

Arthrodial cuticle

Structural constituent of cuticle

3.4 Discussion
These preliminary results point to changes in the expression of genes related to cuticle
building, metabolism and stress response of American lobster postlarvae in response to an endcentury pCO2. We found that postlarvae from the high pCO2 treatment showed downregulation
in all 11 cuticle and shell GOIs and upregulation in all two GOIs related to stress response and
metabolism. We found no change in the expression of three additional genes related to shell or
tissue formation. Our gene expression results complement the developmental, physiological and
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behavioral responses discussed in the previous chapter and provide insight into possible
mechanisms of stress response in H. americanus postlarvae.
A handful of studies have examined how rising pCO2 will affect gene expression and
shell formation in marine organisms. Dickinson et al. (2012) exposed Eastern oyster
(Crassostrea virginica) juveniles to pCO2 concentrations of 700-800 ppm and found no
significant change in tissue growth, shell growth and enzyme expression at ambient salinity
compared to juveniles at ambient pCO2. Mirroring our findings, other researchers have reported
downregulation of cuticle and other shell genes in marine organisms across a range of pCO2
environments up to 2400 ppm. Pearl oysters (Pinctada fucata) exposed to a pCO2 of 2000 ppm
downregulated genes known to encode the enzyme chitin synthase (Li et al., 2016). Similarly,
sea urchin (Lytechinus pictus) raised at 540 and 970 ppm were smaller than larvae raised under
ambient conditions and spicule matrix genes, collagens connected to skeletal formation and
calcium binding proteins were all downregulated in these larvae (O’Donnell et al., 2010).
Chitinase was significantly downregulated in adult blue mussels (Mytilus edulis) exposed to a
pCO2 of 1120 and 2400 ppm for 60 days though there was no change in expression of matrix
proteins (Hüning et al., 2013). These authors suggest that the energetically taxing process of
chitin formation may be one of the first eliminated under stressful conditions. In our study of
American lobster postlarvae, it is possible that the 11 chitin and cuticle GOIs were
downregulated to compensate for the stress of developing in a high pCO2 environment. Energy
budgets and calcification rates are needed to evaluate this hypothesis.
Despite the downregulation of 11 cuticle GOIs in postlarvae from the high pCO2
treatment, the larvae raised in this treatment had significantly longer carapace lengths and the
postlarvae had heavier dry masses (p=0.06). To better understand these findings we investigated
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the expression of six additional transcripts from our postlarvae samples. Each transcript has a
known role in shell or tissue building in crustaceans and was not differentially expressed in
postlarvae. We found that three of these transcripts (Calcyphosin isoform X1, Arginine kinase,
Arthrodial cuticle) were expressed in our postlarval samples. Perhaps the significant
downregulation of the cuticle GOIs paired with the unchanged expression of these genes allowed
for successful postlarval growth while simultaneously compensating for the stresses of shell
formation under ocean acidification conditions.
The upregulation of two metabolic and stress response GOIs in the high pCO2 treatment
without an observed change in survival, development or oxygen consumption rates of postlarvae
provides additional evidence that H. americanus can compensate for environmental stress
(ambient temperature but elevated pCO2, 750 ppm). It is possible that these gene products
provide homeostatic mechanisms to maintain the metabolism and physiology of American
lobsters in high pCO2 (750 ppm) environments.
In the high pCO2 treatment we found significant upregulation of cellulase (an enzyme
involved in the digestion of cellulose; Xue et al., 1999). This result supports previous research
have showing higher cellulase activity is responsive to a decrease in pH. For example the activity
of cellulase and other digestive enzymes in crayfish are most active in environments with a pH of
4.4- 7.0 (Crawford et al., 2005, Xue et al., 1999). Although this pH range is lower than our
experimental pH values (750 ppm = 7.9 pH), it is possible that cellulase could function more
efficiently in the high pCO2 treatment. There is also evidence that cellulase is involved in stress
response and metabolic compensation. Cellulase, as well as a number of other digestive
enzymes, is upregulated in Daphnia magna exposed to a high level of cadmium (Soetaert et al.,
2007). This regulation may compensate for reduced lipid and carbohydrate storage. We found
40

that postlarvae from the high pCO2 treatment had significantly lower feeding rates. It is possible
that cellulase upregulation is a compensatory response to the decreased feeding on the live
Artemia nauplii providing the lipids and carbohydrates.
The heat-shock gene, HSP 70, was also upregulated in response to high pCO2. HSP
plays a role in protein folding and apoptosis (Flaherty et al., 1990, Kiang and Tsokos, 1998,
Beere, 2004) and is known to be upregulated in response to environmental stress in marine
invertebrates. These results align with Chang (2005) who found upregulated HSP 70 in H.
americanus exposed to thermal or osmotic stress. Somero (2010) suggest that the upregulation of
HSP 70 under stressful conditions occurs so that damaged proteins can be correctly re-folded in
order to prevent apoptosis. The upregulation of HSP 70 in the present study supports the concept
that the expression of stress response genes is an essential piece of H. americanus’ response to
sub-lethal stressors. It is important to note that these preliminary findings are the result of a
small number of postlarval samples from a short-term exposure spanning only a single larval
generation (up to 28 days). While experiments such as this provide some insight into the
development, physiology and gene expression of these organisms, additional research is needed
to access the long-term response of H. americanus to acidification.
In conclusion, our study is the first to evaluate the effects of increasing pCO2 on the
development, physiology and gene expression of the American lobster. Our results support the
hypotheses that increases in pCO2 will impact the regulation of genes related to cuticle formation
and metabolic response. However these results need to be validated through RT-qPCR. Given
the interactive effects that changing temperature and pCO2 had on larval length, weight and
postlarval behavior, continued work on gene expression in larvae and postlarvae exposed to
simultaneous environmental stressors is warranted.
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CHAPTER 4
CONCLUSION
This study was the first to examine how exposure to an IPCC predicted end-century pCO2
and temperature will affect the survival, development, physiology and behavior of H.
americanus larvae and postlarvae. In addition, we provided the first preliminary results on how
increased pCO2 will effect differential gene expression in postlarvae. We also speculate how
these patterns of expression may compensate for environmental change allowing H. americanus
to survive and develop successfully under these conditions. Taken together, we have used these
analyses to conduct the first comprehensive investigation of how changing oceanic conditions
will affect several aspects of larval and postlarval development. We saw that the interactive
effects of increasing pCO2 and temperature played a significant role in postlarval swimming
speed and feeding rates, and that larvae reared in the end-century pCO2 treatment at 16 °C were
significantly longer and heavier. In contrast, the high temperature treatment of 19 °C proved to
be the driver of larval survival rate and development time. In our measurements we saw that the
3 °C increase in ocean temperature used in this experiment played a far more significant role in
several aspects of larval development than the doubling of CO2 concentration. We hope that this
work can be used to inform future study and provide a foundation for new areas of investigation.
There is growing evidence that ocean warming and increased pCO2 could have complex
effects on the development and survival of Homarus larvae and juveniles (this study, Arnold et
al., 2009, Keppel et al., 2012, Agnalt et al., 2013, Small et al., 2015, 2016 ). We should note that
all of these studies, including our own, reflect only a short-term exposure to future climate
conditions. These works do not account for the possibility of adaption over the course of many
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generations. While conducting multi-generational studies on the long-lived H. americanus will
be difficult, these experiments need to be done before we can speak to the future of the lobster
fishery as a whole. In addition, no studies have examined how H. americanus subpopulations
from thermally distinct locations will respond to increasing pCO2 and warming. Finally, we must
acknowledge the possibility that our results may have been biased by the fact that we were only
able to conduct measurements on the small number of larvae that survived the rearing
experiment. This work is a valuable initial contribution to this area of study but must be
considered with extreme caution before drawing conclusions about the response of the species or
fishery as a whole.
Increased research on the interactive effects of climate change on lobster physiology,
exoskeleton minerology and gene expression are still needed. Further analysis of gene expression
in particular could increase our understanding of homeostatic mechanisms that make it possible
for lobsters to accommodate the adverse effects of increased temperature and pCO2. In addition,
most experiments investigating effects of environmental stressors on growth and development of
larval stages are conducted at non-limiting food concentrations. More natural food
concentrations may prevent animals from obtaining sufficient energy to cover the added
energetic costs of overcoming physiological stress (Whiteley 2011). As oceans around the globe
continue to warm and acidify, it is crucial to understand how these factors will impact the
development and survival of marine organisms.
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APPENDIX A: ANNOTATED TRANSCRIPT DATA

Figure A1. Distribution of E-values in B2G. All selected GOIs had an e-value of 10-5 or greater,
indicating an accurate identification.

Figure A2. Species identified through BlastX matches in B2G.
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APPENDIX B: ANNOTATED TRANSCRIPTS
Table AB1. All transcripts annotated in Blast2GO.
Transcript
Description

GO Names list

comp100413_c0_seq1

transport Sec61 subunit alpha
isoform partial

comp100869_c0_seq1

fructose 1,6-bisphosphate
aldolase isoform X3

comp106808_c0_seq1

40S ribosomal S4

F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; F:rRNA
binding; P:translation

comp107771_c0_seq1

nematode cuticle collagen
domain

P:transmembrane transport;
C:collagen trimer; C:integral
component of membrane
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P:IRE1-mediated unfolded
protein response; F:protein
binding; P:SRP-dependent
cotranslational protein targeting
to membrane; F:ribosome
binding; P:response to interferongamma; C:integral component of
endoplasmic reticulum
membrane; C:rough endoplasmic
reticulum; C:cytosol;
P:endoplasmic reticulum
organization; P:posttranslational
protein targeting to membrane;
P:cell growth
F:lyase activity

Table AB1. Continued
comp35936_c0_seq1

60S ribosomal L34

comp36248_c0_seq1

40S ribosomal S29

comp36749_c0_seq1

S-adenosylmethionine synthetase

54

F:RNA binding; F:structural
constituent of ribosome;
P:ribosome biogenesis;
C:cytosolic large ribosomal
subunit; P:translation
P:chordate embryonic
development; F:zinc ion binding;
C:cytosolic small ribosomal
subunit; P:hematopoietic stem
cell differentiation; P:erythrocyte
development; P:vasculogenesis;
P:rRNA processing;
P:translational initiation;
C:nucleoplasm; P:viral
transcription; C:extracellular
exosome; F:RNA binding;
P:SRP-dependent cotranslational
protein targeting to membrane;
C:focal adhesion; F:structural
constituent of ribosome;
P:nuclear-transcribed mRNA
catabolic process, nonsensemediated decay; P:angiogenesis;
P:intrinsic apoptotic signaling
pathway by p53 class mediator;
P:positive regulation of apoptotic
process; P:regulation of cell
cycle; F:hydrolase activity
P:hermaphrodite genitalia
development; P:locomotion;
P:embryo development ending in
birth or egg hatching; P:Sadenosylmethionine biosynthetic
process; P:receptor-mediated
endocytosis; F:methionine
adenosyltransferase activity;
P:reproduction; P:one-carbon
metabolic process; P:positive
regulation of multicellular
organism growth; P:methionine
metabolic process; C:nucleus;
F:ATP binding; F:metal ion
binding; P:nematode larval
development; C:cytosol;
P:secretion by cell

Table AB1. Continued
comp37046_c0_seq1

isoform A

F:chitin binding; F:structural
constituent of peritrophic
membrane; P:chitin metabolic
process; C:extracellular region

comp37303_c0_seq1

40S ribosomal S3

P:DNA repair; P:positive
regulation of JUN kinase activity;
P:positive regulation of intrinsic
apoptotic signaling pathway in
response to DNA damage;
P:cellular response to nerve
growth factor stimulus; P:positive
regulation of NIK/NF-kappaB
signaling; P:chromosome
segregation; P:rRNA processing;
P:positive regulation of NFkappaB transcription factor
activity; P:viral transcription;
C:dendrite; P:nuclear-transcribed
mRNA catabolic process,
nonsense-mediated decay;
F:mRNA binding; P:negative
regulation of protein
ubiquitination; P:positive
regulation of microtubule
polymerization; P:negative
regulation of translation; F:Hsp70
protein binding; P:positive
regulation of DNA repair;
F:protein kinase binding;
P:negative regulation of DNA
repair; P:response to TNF
agonist; P:mitotic nuclear
division; P:translational initiation;
F:NF-kappaB binding;
F:structural constituent of
ribosome; C:mitochondrial
matrix; P:positive regulation of
endodeoxyribonuclease activity;
F:iron-sulfur cluster binding
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Table AB1. Continued
comp38231_c0_seq1

RNA-binding with serine-rich
domain 1

comp38353_c0_seq1

glyceraldehyde-3-phosphate
dehydrogenase

comp39348_c0_seq1
comp41252_c0_seq1

hypothetical protein T11_4388
60S ribosomal L39

comp41754_c0_seq1

PAN domain containing

comp42112_c0_seq1

Sodium potassium-transporting
ATPase subunit partial

comp42872_c0_seq1

40S ribosomal S5

comp46090_c0_seq1

zinc metallo ase nas-4-like

F:peptidase activity

comp46492_c0_seq1

Elongation factor 1-gamma

comp46648_c0_seq1

cbbX chloroplastic

F:translation elongation factor
activity; P:translational
elongation
F:ATP binding; C:plastid

comp46927_c0_seq1

Conserved Cysteine Glycine

C:membrane

comp47186_c0_seq1

S-adenosylmethionine synthase
isoform X2

P:wing disc development; F:ATP
binding; P:determination of adult
lifespan; C:cytosol

56

F:organic cyclic compound
binding; F:heterocyclic
compound binding
F:NADP binding; F:NAD
binding; P:glycolytic process;
P:oxidation-reduction process;
P:glucose metabolic process;
F:glyceraldehyde-3-phosphate
dehydrogenase (NAD+)
(phosphorylating) activity;
F:isomerase activity
F:RNA binding; F:structural
constituent of ribosome;
P:cytoplasmic translation;
C:cytosolic large ribosomal
subunit

P:potassium ion transport; F:ATP
binding; P:sodium ion transport;
F:sodium:potassium-exchanging
ATPase activity; F:metal ion
binding; P:metabolic process;
C:integral component of
membrane; P:establishment or
maintenance of transmembrane
electrochemical gradient
F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; F:mRNA
binding; P:ribosomal small
subunit assembly; F:rRNA
binding; P:translation

Table AB1. Continued
comp47407_c0_seq1

60S ribosomal L12

comp48117_c0_seq1

40s ribosomal s24

comp48229_c0_seq1

Cuticle collagen dpy-5

comp48514_c0_seq1

cysteine protease

comp48613_c0_seq1

40S ribosomal S17-like

comp49184_c0_seq1

ubiquitin-40S ribosomal S27a

comp49280_c0_seq1

60S ribosomal L39

comp49644_c0_seq1

tyrosine- kinase receptor Tie-1

57

F:zinc ion binding; C:Golgi
apparatus; C:cytosolic large
ribosomal subunit; C:nucleolus;
P:ribosomal large subunit
assembly; C:vacuole;
P:translation; P:response to cold;
C:chloroplast; C:plasmodesma;
F:protein binding; F:structural
constituent of ribosome;
C:membrane; F:rRNA binding
P:maturation of SSU-rRNA from
tricistronic rRNA transcript
(SSU-rRNA, 5.8S rRNA, LSUrRNA); C:cytosolic small
ribosomal subunit

P:multicellular organism
development; C:membrane;
P:anatomical structure
development
C:extracellular space; F:cysteinetype endopeptidase activity;
P:proteolysis involved in cellular
protein catabolic process;
C:lysosome
F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; P:ribosomal
small subunit assembly;
P:translation
F:structural constituent of
ribosome; C:ribosome;
P:translation
F:RNA binding; F:structural
constituent of ribosome;
C:cytosolic large ribosomal
subunit; P:translation
F:protein tyrosine kinase activity;
F:protein binding; P:regulation of
cellular process; C:integral
component of membrane;
P:cardiovascular system
development; P:single-organism
cellular process; P:protein
phosphorylation; C:plasma
membrane; P:response to
stimulus

Table AB1. Continued
comp49941_c0_seq1

isochorismatase

comp50071_c0_seq1

cysteine ase RD21a-like

F:peptidase activity

comp50115_c0_seq1

40S ribosomal S16

comp50530_c0_seq1

malate cytoplasmic

comp51144_c0_seq1

60S ribosomal L3

C:cytosolic small ribosomal
subunit; P:tRNA processing;
P:embryo development ending in
birth or egg hatching;
F:methyltransferase activity;
P:reproduction; P:translation;
P:maturation of SSU-rRNA from
tricistronic rRNA transcript
(SSU-rRNA, 5.8S rRNA, LSUrRNA); F:RNA binding;
F:protein binding; F:structural
constituent of ribosome;
P:nematode larval development;
P:apoptotic process; P:molting
cycle, collagen and cuticulinbased cuticle; P:methylation
P:carbohydrate metabolic
process; F:L-malate
dehydrogenase activity; P:malate
metabolic process;
C:mitochondrial matrix;
P:nematode larval development;
P:determination of adult lifespan;
P:embryo development ending in
birth or egg hatching; P:striated
muscle myosin thick filament
assembly; P:tricarboxylic acid
cycle; P:receptor-mediated
endocytosis
F:structural constituent of
ribosome; C:cytosolic large
ribosomal subunit; C:nucleolus;
P:ribosomal large subunit
assembly; C:nucleoplasm;
P:translation

comp51199_c0_seq1

60S ribosomal L21

F:structural constituent of
ribosome; C:cytosolic large
ribosomal subunit; P:translation

comp53154_c0_seq1

GTP-binding nuclear Ran

P:positive regulation of protein
binding; P:mitotic spindle
organization
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Table AB1. Continued
comp54262_c0_seq1

NADH dehydrogenase subunit 1
(mitochondrion)

F:oxidoreductase activity;
C:mitochondrion; C:membrane

comp55415_c0_seq1

40S ribosomal S6

comp55645_c0_seq1

60S ribosomal L7

comp55912_c0_seq1

urea-proton symporter DUR3

comp56338_c0_seq2

rRNA 2 -O-methyltransferase
fibrillarin

comp56624_c0_seq1

cuticle partial

F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; P:ribosomal
small subunit biogenesis; P:rRNA
processing; P:translation
P:maturation of LSU-rRNA from
tricistronic rRNA transcript
(SSU-rRNA, 5.8S rRNA, LSUrRNA); F:structural constituent of
ribosome; P:cytoplasmic
translation; C:cytosolic large
ribosomal subunit; F:poly(A)
RNA binding
C:integral component of plasma
membrane; P:urea
transmembrane transport;
F:symporter activity; F:urea
transmembrane transporter
activity; P:cellular response to
nitrogen starvation
C:small-subunit processome;
P:positive regulation of
translation; P:tRNA processing;
P:embryo development ending in
birth or egg hatching; C:Cajal
body; C:ribosome;
P:reproduction; P:regulation of
transcription from RNA
polymerase I promoter; C:box
C/D snoRNP complex; F:rRNA
methyltransferase activity; P:box
C/D snoRNA 3'-end processing;
F:RNA binding; P:gonad
development; P:histone glutamine
methylation; F:histone-glutamine
methyltransferase activity;
P:nematode larval development;
C:integral component of
membrane; P:rRNA methylation;
C:90S preribosome; P:cell
migration
F:structural constituent of cuticle

comp56822_c0_seq1

penicillin-Binding family partial

comp57223_c0_seq1

60s ribosomal l14

C:intracellular organelle

comp57966_c0_seq1

60S ribosomal L23a

F:structural constituent of
ribosome
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Table AB1. Continued
comp58278_c0_seq2

fusolin like

comp58481_c0_seq1

acidic ribosomal p0

comp58898_c0_seq1

chitin binding domain-containing
partial

comp58999_c0_seq1

related to GIS2- zinc finger
proposed to be involved in the
RAS cAMP signaling pathway
hypothetical protein
THAOC_15836

comp59744_c0_seq1
comp60041_c0_seq1

Peptidyl-prolyl cis-trans
isomerase family

comp60442_c0_seq1

Calcium-transporting ATPase
sarcoplasmic endoplasmic
reticulum type

comp60746_c0_seq1

HMG box

comp60876_c0_seq1

elongation factor 1-beta

comp61076_c0_seq1

elongation factor 1- partial

comp61285_c0_seq1

ribosomal L24

comp61465_c0_seq1

ribosomal RPS23
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C:integral component of
membrane; P:ribosome
biogenesis; C:ribosome
F:chitin binding; P:chitin
metabolic process; C:extracellular
region
F:binding
F:sedoheptulose-bisphosphatase
activity; C:cytosol;
P:dephosphorylation
F:peptidyl-prolyl cis-trans
isomerase activity; P:embryo
development ending in birth or
egg hatching; P:protein peptidylprolyl isomerization; P:protein
folding
F:ATP binding; F:metal ion
binding; P:metabolic process;
C:integral component of
membrane; P:calcium ion
transmembrane transport;
F:calcium-transporting ATPase
activity
P:multicellular organism
development; P:anatomical
structure development;
P:translation
F:GTP binding; F:translation
elongation factor activity;
C:cytoplasm; F:GTPase activity;
P:translational elongation
F:structural constituent of
ribosome; P:nematode larval
development; P:cytoplasmic
translation; P:embryo
development ending in birth or
egg hatching; P:ribosomal large
subunit biogenesis; P:apoptotic
process; C:cytosolic large
ribosomal subunit; P:reproduction
F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; P:translation

Table AB1. Continued
comp61801_c0_seq1

ribosomal partial

comp61902_c0_seq1

cytochrome partial
(mitochondrion)

comp62255_c0_seq1

40S ribosomal S8

comp62368_c0_seq1

60S ribosomal L21

comp62547_c0_seq1

tubulin-alpha partial

comp62701_c0_seq1

ribosomal L18a

comp63047_c0_seq1

60S ribosomal L32

comp63173_c1_seq1

sodium-translocating
pyrophosphatase

comp63285_c0_seq1

heat shock 90 partial
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F:structural constituent of
ribosome; F:5S rRNA binding;
C:cytosolic large ribosomal
subunit; C:nucleolus; P:ribosomal
large subunit assembly;
P:translation
F:oxidoreductase activity;
C:mitochondrion; P:respiratory
electron transport chain;
C:integral component of
membrane; C:respiratory chain
F:structural constituent of
ribosome; C:ribosome;
P:translation
F:structural constituent of
ribosome; C:cytosolic large
ribosomal subunit; P:translation
F:GTP binding; F:GTPase
activity; P:metabolic process;
F:structural constituent of
cytoskeleton; C:microtubule;
P:microtubule-based process
C:intracellular ribonucleoprotein
complex
F:structural constituent of
ribosome; C:cytosolic large
ribosomal subunit; P:translation
F:inorganic diphosphatase
activity; P:proton transport;
P:transmembrane transport;
P:metabolic process; C:integral
component of membrane;
F:hydrogen-translocating
pyrophosphatase activity
P:negative regulation of
complement-dependent
cytotoxicity; P:positive regulation
of protein binding; P:positive
regulation of protein import into
nucleus, translocation; F:drug
binding; P:placenta development;
P:negative regulation of neuron
apoptotic process; F:GTP
binding; F:ATP binding;
C:extracellular exosome; P:virion
attachment to host cell; P:positive
regulation of cell size

Table AB1. Continued
comp63427_c0_seq1

translation elongation factor 1partial

F:GTP binding; F:translation
elongation factor activity;
F:GTPase activity; P:translational
elongation

comp64165_c0_seq1

pupal cuticle 20-like

C:extracellular space; F:structural
constituent of cuticle

comp64199_c0_seq1

ribosomal L35a

comp64304_c0_seq1

60S ribosomal L13a

comp64549_c0_seq1

60S ribosomal L27

F:structural constituent of
ribosome; C:ribosome;
P:translation
F:structural constituent of
ribosome; C:large ribosomal
subunit; P:translation
P:erythrocyte differentiation;
F:structural constituent of
ribosome; C:cytosolic large
ribosomal subunit; P:translation

comp64574_c0_seq1

C-type lectin mannose-binding
isoform-like

comp64642_c0_seq1

hypothetical protein T11_4388

comp64827_c0_seq1

hypothetical protein

comp64901_c0_seq1

60S ribosomal L39

P:viral transcription;
C:extracellular space; F:RNA
binding; P:innate immune
response in mucosa; P:SRPdependent cotranslational protein
targeting to membrane;
F:structural constituent of
ribosome; P:nuclear-transcribed
mRNA catabolic process,
nonsense-mediated decay;
P:antibacterial humoral response;
C:cytosolic large ribosomal
subunit; P:rRNA processing;
P:translational initiation;

comp64967_c0_seq1

predicted protein

C:integral component of
membrane

comp65097_c0_seq1

14-3-3 domain containing

F:protein domain specific binding

comp65163_c0_seq1

60S acidic ribosomal P1

F:structural constituent of
ribosome
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Table AB1. Continued
comp65302_c0_seq1

40S ribosomal S4

F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; F:rRNA
binding; P:translation

comp65681_c0_seq1

40S ribosomal S6

comp65733_c0_seq1

40S Ribosomal S24

comp65802_c0_seq1

elongation factor 2

comp66195_c0_seq1

40S ribosomal S15

comp66219_c0_seq1

40s ribosomal s4

F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; P:ribosomal
small subunit biogenesis; P:rRNA
processing; P:translation
F:nucleotide binding;
P:maturation of SSU-rRNA from
tricistronic rRNA transcript
(SSU-rRNA, 5.8S rRNA, LSUrRNA); F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; P:translation
F:GTP binding; P:hermaphrodite
genitalia development;
F:translation elongation factor
activity; C:cytoplasm;
P:nematode larval development;
P:oogenesis; F:GTPase activity;
P:determination of adult lifespan;
P:embryo development ending in
birth or egg hatching; P:apoptotic
process; P:translational
elongation; P:growth
F:RNA binding; F:structural
constituent of ribosome;
C:cytosolic small ribosomal
subunit; P:nematode larval
development; P:determination of
adult lifespan; P:embryo
development ending in birth or
egg hatching; P:apoptotic
process; P:ribosomal small
subunit assembly; P:reproduction;
P:translation
F:structural constituent of
ribosome; P:positive regulation of
cellular process; C:cytosolic
small ribosomal subunit;
P:multicellular organism
development; P:anatomical
structure development; F:rRNA
binding; P:translation

comp66343_c0_seq1

Sperm-Specific class Q

comp66438_c0_seq1

60S ribosomal L38
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F:RNA binding; F:structural
constituent of ribosome

Table AB1. Continued
comp66520_c0_seq1

transport Sec61 subunit partial

comp66757_c0_seq1

Transcription factor BTF3
homolog

comp67025_c0_seq1

60S acidic ribosomal P0

comp67219_c0_seq1

60S ribosomal L17

comp67477_c0_seq1
comp67831_c0_seq1

large subunit ribosomal partial
Apoptosis-inducing factor 1

comp67898_c0_seq1

Component of counting factor
complex
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P:protein import into nucleus,
translocation; C:integral
component of membrane;
P:retrograde protein transport, ER
to cytosol; P:ER-associated
ubiquitin-dependent protein
catabolic process; C:Sec61
translocon complex; F:epidermal
growth factor binding; F:poly(A)
RNA binding
P:hermaphrodite genitalia
development; P:transcription,
DNA-templated; P:embryo
development ending in birth or
egg hatching; P:body
morphogenesis; P:regulation of
transcription, DNA-templated;
P:receptor-mediated endocytosis;
P:reproduction; P:response to
stress; P:inductive cell migration;
C:nucleus; F:protein binding;
P:cell death; P:negative
regulation of apoptotic process;
C:mitochondrion
F:structural constituent of
ribosome; P:nematode larval
development; P:cytoplasmic
translation; P:embryo
development ending in birth or
egg hatching; P:apoptotic
process; C:integral component of
membrane; P:ribosome
biogenesis; C:cytosolic large
ribosomal subunit; F:large
ribosomal subunit rRNA binding;
P:reproduction; C:preribosome,
large subunit precursor
F:structural constituent of
ribosome; P:nematode larval
development; P:locomotion;
P:embryo development ending in
birth or egg hatching; P:apoptotic
process; C:large ribosomal
subunit; P:reproduction;
P:translation; P:axonal
fasciculation
C:intracellular
P:single-organism process

Table AB1. Continued
comp68202_c1_seq1

serine-arginine 55 isoform X2

F:hydrolase activity

comp68352_c0_seq1

ribosomal l18

comp68450_c0_seq1

eukaryotic aspartyl protease

comp68452_c0_seq1

histone partial

comp68575_c0_seq1

Mitochondrial cytochrome c
oxidase subunit

comp68661_c0_seq1

40S ribosomal S5

comp68902_c0_seq1

60S ribosomal L4-1

F:RNA binding; F:structural
constituent of ribosome;
C:cytosolic large ribosomal
subunit; P:translation
P:protein metabolic process;
P:necrotic cell death; F:peptidase
activity; C:lysosome
F:RNA polymerase II core
promoter sequence-specific DNA
binding; F:RNA polymerase II
core promoter proximal region
sequence-specific DNA binding;
F:nucleosomal DNA binding;
P:chromatin silencing;
C:nucleosome; P:positive
regulation of transcription from
RNA polymerase II promoter;
C:nuclear heterochromatin;
C:Barr body; F:RNA polymerase
II distal enhancer sequencespecific DNA binding; P:cellular
response to estradiol stimulus;
C:extracellular exosome;
F:protein heterodimerization
activity; C:nuclear euchromatin
F:cytochrome-c oxidase activity;
P:multicellular organism
development; P:mitochondrial
electron transport, cytochrome c
to oxygen; P:anatomical structure
development; P:hydrogen ion
transmembrane transport;
P:aerobic respiration;
C:mitochondrial respiratory chain
complex IV
F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; P:nematode
larval development;
P:determination of adult lifespan;
P:embryo development ending in
birth or egg hatching; P:apoptotic
process; F:mRNA binding;
P:ribosomal small subunit
assembly; F:rRNA binding;
F:structural constituent of
ribosome

comp69170_c0_seq1

40S ribosomal S14
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P:chordate embryonic
development

Table AB1. Continued
comp69242_c1_seq1

DD3-3-like

C:integral component of
membrane

comp69321_c0_seq1

60S ribosomal L18-like

comp69601_c0_seq1

s-adenosylmethionine synthase 4

comp69735_c0_seq1

Cuticle collagen 6

F:RNA binding; F:structural
constituent of ribosome;
C:cytosolic large ribosomal
subunit; P:translation
P:negative regulation of vulval
development; P:lipid storage;
P:hermaphrodite genitalia
development; P:locomotion;
P:determination of adult lifespan;
P:embryo development ending in
birth or egg hatching; P:Sadenosylmethionine biosynthetic
process; P:receptor-mediated
endocytosis; F:methionine
adenosyltransferase activity;
P:reproduction; P:one-carbon
metabolic process; P:growth;
P:positive regulation of
multicellular organism growth;
P:translation; F:ATP binding;
F:protein binding; F:metal ion
binding; P:nematode larval
development; P:lipid metabolic
process; C:cytosol; P:negative
regulation of lipid storage;
P:RNA interference; P:secretion
by cell
C:collagen trimer; C:integral
component of membrane;
F:structural constituent of cuticle

comp69774_c0_seq1

60S ribosomal L5-like

comp69792_c0_seq1

cytochrome oxidase subunit
partial (mitochondrion)

comp69895_c0_seq1

predicted protein

comp69898_c0_seq1

60S ribosomal L23a
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F:structural constituent of
ribosome; F:5S rRNA binding;
C:cytosolic large ribosomal
subunit; P:ribosomal large
subunit assembly; P:translation
P:generation of precursor
metabolites and energy;
F:oxidoreductase activity;
F:metal ion binding; F:electron
carrier activity; C:mitochondrion;
P:oxidation-reduction process;
P:single-organism cellular
process; C:membrane part
C:integral component of
membrane
F:nucleotide binding; P:cell
proliferation

Table AB1. Continued
comp70331_c0_seq1

ribosomal X- partial

F:structural constituent of
ribosome; C:ribosome; F:rRNA
binding; P:translation

comp70531_c0_seq1

cathepsin b

comp70743_c0_seq1

40S ribosomal S9-2-like

comp70861_c0_seq1

essential light chain

comp70945_c0_seq1

small subunit ribosomal 7

comp71080_c0_seq1

methionine adenosyltransferase

comp71301_c0_seq1

60S ribosomal L22

P:proteolysis; P:regulation of
catalytic activity; F:cysteine-type
endopeptidase activity
F:structural constituent of
ribosome; C:small ribosomal
subunit; F:rRNA binding;
P:translation
P:locomotion; F:calcium ion
binding; P:oviposition; C:striated
muscle myosin thick filament
F:structural constituent of
ribosome; C:ribosome;
P:translation
P:negative regulation of vulval
development; P:lipid storage;
P:hermaphrodite genitalia
development; P:locomotion;
P:embryo development ending in
birth or egg hatching; P:Sadenosylmethionine biosynthetic
process; P:receptor-mediated
endocytosis; F:methionine
adenosyltransferase activity;
P:reproduction; P:one-carbon
metabolic process; P:growth;
P:positive regulation of
multicellular organism growth;
F:ATP binding; F:protein
binding; F:metal ion binding;
P:nematode larval development;
C:cytosol; P:RNA interference;
P:secretion by cell
C:nucleus; C:extracellular
exosome; C:focal adhesion;
F:structural constituent of
ribosome; F:heparin binding;
C:cytosolic large ribosomal
subunit; P:alpha-beta T cell
differentiation; F:poly(A) RNA
binding; P:translation

comp71794_c0_seq1

40S ribosomal SA
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F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; C:organellar
small ribosomal subunit;
P:ribosomal small subunit
assembly; F:protein complex
binding; P:translation

Table AB1. Continued
comp71815_c0_seq1

60S ribosomal L3

F:structural constituent of
ribosome; C:ribosome;
P:translation

comp71990_c0_seq2

large subunit ribosomal 29

comp72028_c0_seq1

60S ribosomal L31

comp72053_c0_seq1

tripeptidyl peptidase I

F:structural constituent of
ribosome; P:cytoplasmic
translation; C:cytosolic large
ribosomal subunit
F:structural constituent of
ribosome; C:ribosome;
P:translation
F:peptidase activity, acting on Lamino acid peptides

comp72357_c0_seq1

cuticle pro

F:structural constituent of cuticle

comp72379_c0_seq1

60S ribosomal L3

comp72487_c0_seq1

40S ribosomal S6

comp72610_c0_seq1

succinyl- ligase [ADP GDPforming] subunit mitochondrial
isoform X2

comp72731_c0_seq1

40S ribosomal S11

F:structural constituent of
ribosome; C:cytosolic large
ribosomal subunit; P:ribosomal
large subunit assembly;
P:translation
F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; P:ribosomal
small subunit biogenesis; P:rRNA
processing; P:translation
F:succinate-CoA ligase (GDPforming) activity;
C:mitochondrial matrix;
F:cofactor binding; P:nucleoside
triphosphate biosynthetic process;
C:cytosol; P:tricarboxylic acid
cycle; P:succinate metabolic
process; F:succinate-CoA ligase
(ADP-forming) activity;
P:succinyl-CoA metabolic
process
C:extracellular exosome; C:focal
adhesion; F:structural constituent
of ribosome; C:cytosolic small
ribosomal subunit; C:membrane;
C:nucleolus; F:poly(A) RNA
binding; P:translation

comp72756_c0_seq1

ubiquitin-conjugating enzyme
E2-16 kDa
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F:ubiquitin conjugating enzyme
activity; P:protein localization to
Golgi apparatus; F:lyase activity;
P:positive regulation of mitotic
metaphase/anaphase transition;
C:nuclear SCF ubiquitin ligase
complex; P:regulation of protein
glycosylation

Table AB1. Continued
comp73062_c0_seq1

60S ribosomal L4

F:structural constituent of
ribosome; C:ribosome;
P:translation

comp73084_c0_seq1

60S ribosomal L35

comp73267_c0_seq1

heat shock 90 partial

P:maturation of LSU-rRNA from
tricistronic rRNA transcript
(SSU-rRNA, 5.8S rRNA, LSUrRNA); P:chordate embryonic
development; P:erythrocyte
differentiation; F:structural
constituent of ribosome;
C:membrane; F:mRNA binding;
C:cytosolic large ribosomal
subunit; P:regulation of cell
cycle; P:translation
F:ATP binding; F:unfolded
protein binding; P:protein
folding; P:response to stress

comp73296_c0_seq1

anti-lipopolysaccharide factor

comp73296_c0_seq2

anti-lipopolysaccharide factor

comp73859_c0_seq1

60S ribosomal L11

comp73921_c0_seq1

component of the counting factor
complex

comp74001_c0_seq1

Peptidase A1 domain containing

P:protein metabolic process;
P:innate immune response;
F:peptidase activity

comp74417_c0_seq1

small subunit ribosomal 27

comp74694_c0_seq1

60S ribosomal L27a

comp74695_c0_seq1

large subunit ribosomal partial

comp75039_c0_seq1

BAG domain-containing Samui
isoform X1

F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; F:metal ion
binding; P:ribosomal small
subunit assembly; P:translation
F:structural constituent of
ribosome; C:membrane;
C:cytosolic large ribosomal
subunit; F:poly(A) RNA binding;
P:translation
F:RNA binding; F:structural
constituent of ribosome;
P:ribosome biogenesis;
C:cytosolic large ribosomal
subunit; P:translation
F:Hsp70 protein binding
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F:structural constituent of
ribosome; C:ribosome;
P:translation

Table AB1. Continued
comp75039_c0_seq2

BAG domain-containing Samui
isoform X1

comp75214_c0_seq1

hypothetical protein T11_4388

comp75320_c0_seq1

2106164Acuticle protein

comp75546_c0_seq1

40S ribosomal S4

F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; F:rRNA
binding; P:translation

comp75569_c0_seq1

Histone H3

comp75581_c0_seq1

60S ribosomal L13

F:DNA binding; C:extracellular
exosome; F:histone binding;
F:protein heterodimerization
activity; P:negative regulation of
protein oligomerization;
C:nuclear nucleosome; P:protein
heterotetramerization; C:nuclear
chromosome, telomeric region;
P:nucleosome assembly
C:intracellular ribonucleoprotein
complex

comp75598_c0_seq3

60S ribosomal L23a 1

comp75628_c0_seq1

chymotrypsin

comp75865_c0_seq1

Histone H2B

comp76046_c0_seq1

small subunit ribosomal partial

comp76110_c0_seq1

60s ribosomal l16

comp76252_c0_seq1

ATP synthase partial
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F:Hsp70 protein binding

F:nucleotide binding; F:structural
constituent of ribosome;
C:cytosolic large ribosomal
subunit; P:ribosomal large
subunit assembly; P:translation
C:collagen trimer; P:proteolysis;
F:serine-type endopeptidase
activity
C:lipid particle; F:DNA binding;
C:NuA4 histone acetyltransferase
complex; P:defense response to
Gram-negative bacterium;
F:protein heterodimerization
activity; C:nuclear nucleosome;
C:extracellular region;
P:nucleosome assembly;
P:defense response to Grampositive bacterium
C:ribosome
F:structural constituent of
ribosome; C:large ribosomal
subunit; P:translation
C:proton-transporting ATP
synthase complex, catalytic core
F(1); F:ATP binding; P:ATP
hydrolysis coupled proton
transport

Table AB1. Continued
comp76256_c1_seq1

40S ribosomal S15a

comp76433_c0_seq1

small subunit ribosomal partial

comp76505_c0_seq1

large subunit ribosomal partial

C:intracellular ribonucleoprotein
complex

comp76619_c0_seq1

Fructose-bisphosphate aldolase

comp76645_c0_seq1

60S ribosomal L23a 1

comp76750_c0_seq1

trypsin

P:gluconeogenesis; F:zinc ion
binding; C:cell wall; P:glycolytic
process; C:cytosol; F:fructosebisphosphate aldolase activity;
C:plasma membrane
F:nucleotide binding; F:structural
constituent of ribosome;
C:cytosolic large ribosomal
subunit; P:ribosomal large
subunit assembly; P:translation
F:serine-type peptidase activity

comp76843_c0_seq1

heat shock partial

comp76846_c0_seq1

peritrophin-1-like

comp77132_c0_seq1

chymotrypsin ase

comp77209_c0_seq1

fucoxanthin chlorophyll a c
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C:extracellular exosome;
F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit;
C:mitochondrion; C:membrane;
P:positive regulation of cell
proliferation; P:positive
regulation of cell cycle;
P:response to virus; F:poly(A)
RNA binding; P:translation
C:nucleus; F:structural
constituent of ribosome;
C:cytosolic small ribosomal
subunit; P:cell differentiation;
P:translation

C:nucleus; F:ATP binding;
P:response to heat; C:cytoplasm;
C:membrane; P:response to
copper ion; P:response to
cadmium ion; P:response to
arsenite ion
F:chitin binding; P:chitin
metabolic process; C:extracellular
region
P:macromolecule metabolic
process; F:serine-type peptidase
activity
C:chloroplast; F:pigment binding;
C:membrane part; F:chlorophyll
binding; P:response to light
stimulus

Table AB1. Continued
comp77300_c0_seq1

60s ribosomal l4

F:structural constituent of
ribosome; C:cytosolic large
ribosomal subunit; P:translation

comp77351_c0_seq1

Poly-cysteine and histidine-tailed

comp77395_c0_seq1

predicted protein

P:macromolecule metabolic
process; F:zinc ion binding;
F:catalytic activity; F:iron ion
binding; P:cellular nitrogen
compound metabolic process;
C:extracellular region; P:primary
metabolic process
C:integral component of
membrane

comp77592_c0_seq1

ATP synthase subunit
mitochondrial

comp77612_c0_seq1

60S ribosomal L19

comp77629_c0_seq1

40S ribosomal S29

comp78233_c0_seq1

ATP:ADP antiporter

comp78366_c0_seq1

elongation factor partial
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C:lipid particle; C:mitochondrial
proton-transporting ATP synthase
complex, catalytic core F(1);
P:phagocytosis; F:protontransporting ATPase activity,
rotational mechanism; P:ATP
synthesis coupled proton
transport; F:proton-transporting
ATP synthase activity, rotational
mechanism
P:mitotic spindle elongation;
F:structural constituent of
ribosome; P:centrosome
duplication; C:cytosolic large
ribosomal subunit; P:translation
F:zinc ion binding; F:RNA
binding; F:structural constituent
of ribosome; C:cytosolic small
ribosomal subunit; P:translation
F:structural constituent of
ribosome; C:membrane;
P:transport; P:translation
P:hematopoietic progenitor cell
differentiation; F:GTP binding;
P:response to ethanol; F:p53
binding; C:extracellular exosome;
P:response to ischemia;
F:translation elongation factor
activity; P:skeletal muscle
contraction; P:peptidyldiphthamide biosynthetic process
from peptidyl-histidine; P:skeletal
muscle cell differentiation

Table AB1. Continued
comp78380_c0_seq1

fucoxanthin chlorophyll a c

C:chloroplast; C:integral
component of membrane;
P:photosynthesis, light
harvesting; P:proteinchromophore linkage;
F:chlorophyll binding;
C:thylakoid

comp78472_c0_seq2

heat shock cognate 71 kDa -like

comp78551_c0_seq1
comp78635_c0_seq1

hypersensitive-induced response
1
ras-related Rab-1A

F:ATPase activity; P:germ cell
development; C:endoplasmic
reticulum lumen; F:ATP binding;
P:gonad development;
P:nematode larval development;
P:endoplasmic reticulum
unfolded protein response;
P:locomotion; P:body
morphogenesis; C:endoplasmic
reticulum chaperone complex
C:membrane

comp78695_c0_seq3

adenylate guanylate cyclase

comp78785_c0_seq2

elongation factor partial
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C:endoplasmic reticulum
membrane; F:GTP binding;
P:nucleocytoplasmic transport;
P:ER to Golgi vesicle-mediated
transport; P:small GTPase
mediated signal transduction;
F:GTPase activity; P:metabolic
process; C:Golgi membrane;
P:intracellular protein transport
F:catalytic activity; P:signal
transduction; P:metabolic process
P:hematopoietic progenitor cell
differentiation; F:GTP binding;
P:response to ethanol; F:p53
binding; C:extracellular exosome;
P:response to ischemia;
F:translation elongation factor
activity; P:skeletal muscle
contraction; P:peptidyldiphthamide biosynthetic process
from peptidyl-histidine; P:skeletal
muscle cell differentiation;
F:GTPase activity; C:cytosol;
C:aggresome; F:protein kinase
binding; P:response to fluoxetine;
F:5S rRNA binding; P:response
to hydrogen peroxide; P:aging;
P:translational elongation;
C:plasma membrane;
C:polysomal ribosome; F:poly(A)
RNA binding

Table AB1. Continued
comp78872_c0_seq1

light harvesting

C:chloroplast; F:pigment binding;
C:integral component of
membrane; P:proteinchromophore linkage;
F:chlorophyll binding; P:response
to light stimulus;
P:photosynthesis, light harvesting
in photosystem I; C:thylakoid

comp78916_c0_seq1

60S ribosomal L36

F:structural constituent of
ribosome; P:cytoplasmic
translation; C:integral component
of membrane; C:cytosolic large
ribosomal subunit

comp78993_c0_seq1

light harvesting

comp79068_c0_seq1

40S ribosomal S3

comp79178_c0_seq2

60S ribosomal L12

C:chloroplast; F:pigment binding;
C:integral component of
membrane; P:proteinchromophore linkage;
F:chlorophyll binding; P:response
to light stimulus;
P:photosynthesis, light harvesting
in photosystem I; C:thylakoid
P:DNA repair; P:lipid storage;
C:cytosolic small ribosomal
subunit; P:determination of adult
lifespan; P:embryo development
ending in birth or egg hatching;
F:damaged DNA binding;
P:reproduction; F:oxidized purine
nucleobase lesion DNA Nglycosylase activity;
P:translation; C:nucleus; F:RNA
binding; F:structural constituent
of ribosome; P:nematode larval
development; P:apoptotic
process; P:molting cycle,
collagen and cuticulin-based
cuticle
P:embryo development ending in
birth or egg hatching; C:cytosolic
large ribosomal subunit;
P:ribosomal large subunit
assembly; P:receptor-mediated
endocytosis; P:reproduction;
P:transcription initiation from
RNA polymerase II promoter;
P:translation
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Table AB1. Continued
comp79258_c0_seq1

Poly-cysteine and histidine-tailed

F:transition metal ion binding

comp79408_c0_seq1

40S ribosomal S10

comp79665_c0_seq1

ferredoxin (chloroplast)

comp79720_c0_seq1

calcification-associated peptide-2

F:protein binding; F:structural
constituent of ribosome;
C:cytosolic small ribosomal
subunit; P:determination of adult
lifespan; P:ribosomal small
subunit assembly
C:chloroplast; F:metal ion
binding; F:electron carrier
activity; P:electron transport
chain; F:2 iron, 2 sulfur cluster
binding
F:structural constituent of cuticle

comp79720_c0_seq2

calcified cuticle

F:structural constituent of cuticle

comp79768_c0_seq1

60S acidic ribosomal P2

comp80538_c0_seq2

60S ribosomal L8

P:chordate embryonic
development; F:structural
constituent of ribosome;
P:cytoplasmic translation;
C:cytosolic large ribosomal
subunit; F:large ribosomal
subunit rRNA binding;
P:translational elongation;
C:preribosome
F:RNA binding; F:structural
constituent of ribosome; C:large
ribosomal subunit; P:translation

comp80540_c0_seq1

40S ribosomal S10-like

comp80629_c0_seq2
comp81042_c0_seq1

sphingosine-1-phosphate
phosphatase 1-like
trypsin partial

comp81056_c0_seq1

Cuticle collagen dpy-5

comp81150_c0_seq3

40S ribosomal partial

comp81163_c0_seq1

40S ribosomal S19S
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F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit; P:ribosomal
small subunit assembly
C:membrane

P:multicellular organism
development; P:anatomical
structure development
F:zinc ion binding;
C:extracellular exosome; C:focal
adhesion; F:structural constituent
of ribosome; C:cytosolic small
ribosomal subunit; C:membrane;
F:mRNA binding; C:nucleolus;
P:negative regulation of RNA
splicing; P:translation

Table AB1. Continued
comp81216_c0_seq1

ribosomal LP1

comp81334_c0_seq2

78 kDa glucose-regulated partial

comp81396_c0_seq1

14-3-3 zeta

F:structural constituent of
ribosome; C:ribosome;
P:translational elongation
F:ATPase activity; P:IRE1mediated unfolded protein
response; P:PERK-mediated
unfolded protein response;
C:smooth endoplasmic reticulum;
C:endoplasmic reticulum-Golgi
intermediate compartment;
C:endoplasmic reticulum lumen;
P:cerebellar Purkinje cell layer
development; F:calcium ion
binding; F:chaperone binding;
P:positive regulation of protein
ubiquitination; P:maintenance of
protein localization in
endoplasmic reticulum;
F:glycoprotein binding;
C:endoplasmic reticulum
chaperone complex; C:COP9
signalosome; P:regulation of
ATF6-mediated unfolded protein
response; F:protein domain
specific binding; P:regulation of
IRE1-mediated unfolded protein
response; P:cerebellum structural
organization; P:regulation of
F:protein domain specific binding

comp81396_c0_seq3

14-3-3 zeta isoform X1

F:protein domain specific binding

comp81433_c0_seq1

kinetoplastid membrane KMP-11

comp81512_c0_seq2

histone H2AX

comp81579_c0_seq2

60s ribosomal l32

comp81621_c0_seq1

60S ribosomal L5

P:cytoskeleton organization;
P:entry into host cell;
C:mitochondrion; P:positive
regulation of cell proliferation;
P:cilium or flagellum-dependent
cell motility; P:defense response;
C:microtubule
F:DNA binding; C:nuclear
chromatin; F:protein
heterodimerization activity;
P:chromatin silencing;
C:nucleosome
F:structural constituent of
ribosome; C:integral component
of membrane; C:ribosome;
P:translation
F:structural constituent of
ribosome; C:membrane; F:5S
rRNA binding; C:cytosolic large
ribosomal subunit
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Table AB1. Continued
comp81846_c0_seq2

disulfide isomerase

comp81888_c0_seq1

40S ribosomal S20

comp81899_c1_seq1

ATP synthase subunit partial

comp82110_c0_seq1

guanine nucleotide-binding
subunit beta-2-like 1

comp82313_c0_seq2

Cathepsin L
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P:regulation of oxidative stressinduced intrinsic apoptotic
signaling pathway; P:locomotion;
P:embryo development ending in
birth or egg hatching; P:body
morphogenesis; P:protein
deglutathionylation; P:cell redox
homeostasis; P:protein folding;
C:endoplasmic reticulum lumen;
F:protein-glutamine gammaglutamyltransferase activity;
F:protein disulfide isomerase
activity; P:nematode larval
development; P:endoplasmic
reticulum unfolded protein
response; P:oxidation-reduction
process; C:procollagen-proline 4dioxygenase complex; F:peptidylproline 4-dioxygenase activity;
P:peptidyl-proline hydroxylation
to 4-hydroxy-L-proline
F:RNA binding; F:structural
constituent of ribosome;
C:cytosolic small ribosomal
subunit; P:translation
C:proton-transporting ATP
synthase complex, catalytic core
F(1); F:ATP binding; P:ATP
hydrolysis coupled proton
transport; F:proton-transporting
ATPase activity, rotational
mechanism; P:ATP synthesis
coupled proton transport;
F:proton-transporting ATP
synthase activity, rotational
mechanism
P:DNA repair; P:negative
regulation of protein tyrosine
kinase activity; P:protein
localization; C:neuronal cell
body; P:positive regulation of
GTPase activity; P:negative
regulation of hydrogen peroxideinduced neuron death; P:positive
regulation of cAMP catabolic
process; C:dendrite; P:negative
regulation of cell growth;
P:cellular response to glucose
stimulus
F:peptidase activity

Table AB1. Continued
comp82316_c1_seq1

Heme-binding partial

comp82468_c0_seq3

histone

comp82469_c0_seq4

Heat shock 70 kDa C

comp82688_c0_seq1

ribosomal L7a

comp82731_c0_seq1

ferredoxin component

comp82734_c0_seq1

hypothetical protein
THAOC_13638

comp82755_c0_seq1

predicted protein

comp82769_c0_seq2

Adenine Nucleotide Translocator
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C:nucleus; F:DNA binding;
F:protein heterodimerization
activity; P:DNA-templated
transcription, initiation;
C:nucleosome; P:nucleosome
assembly
F:ATPase activity; P:germ cell
development; C:endoplasmic
reticulum lumen; F:ATP binding;
P:gonad development;
P:nematode larval development;
P:endoplasmic reticulum
unfolded protein response;
P:locomotion; P:body
morphogenesis; C:integral
component of membrane;
C:endoplasmic reticulum
chaperone complex
P:ribosome biogenesis;
C:ribosome
P:oxidation-reduction process;
F:2 iron, 2 sulfur cluster binding;
F:nitrite reductase [NAD(P)H]
activity; P:nitrate assimilation
C:membrane

P:collagen and cuticulin-based
cuticle development;
P:hermaphrodite genitalia
development; P:transmembrane
transport; P:determination of
adult lifespan; P:embryo
development ending in birth or
egg hatching; P:body
morphogenesis; P:receptormediated endocytosis;
C:mitochondrial inner membrane;
P:reproduction; P:mitochondrion
organization; P:translation;
F:adenine nucleotide
transmembrane transporter
activity; F:protein binding;
F:structural constituent of
ribosome; P:nematode larval
development; P:apoptotic
process; P:positive regulation of
apoptotic process

Table AB1. Continued
comp82862_c2_seq2

elongation factor 1- partial

comp82868_c0_seq1
comp83061_c0_seq2

predicted protein
calcium-binding ef-hand

F:calcium ion binding

comp83169_c1_seq2

partial

F:ATP binding

comp83169_c1_seq4

partial

comp83322_c0_seq1

translationally controlled tumor

comp83322_c0_seq2

translationally controlled tumor

comp83441_c0_seq1

60S ribosomal L7

comp83441_c0_seq2

60S ribosomal L7

comp83471_c0_seq1

60S ribosomal L15
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F:GTP binding; F:translation
elongation factor activity;
C:cytoplasm; P:nematode larval
development; P:locomotion;
F:GTPase activity;
P:determination of adult lifespan;
P:embryo development ending in
birth or egg hatching;
P:translational elongation;
P:reproduction; P:growth

C:intracellular ribonucleoprotein
complex; C:membrane;
C:endoplasmic reticulum
P:vesicle-mediated transport;
C:intracellular ribonucleoprotein
complex; P:multicellular
organism development;
C:membrane; P:anatomical
structure development;
C:endoplasmic reticulum
P:maturation of LSU-rRNA from
tricistronic rRNA transcript
(SSU-rRNA, 5.8S rRNA, LSUrRNA); F:structural constituent of
ribosome; P:cytoplasmic
translation; C:cytosolic large
ribosomal subunit; F:poly(A)
RNA binding
P:maturation of LSU-rRNA from
tricistronic rRNA transcript
(SSU-rRNA, 5.8S rRNA, LSUrRNA); F:structural constituent of
ribosome; P:cytoplasmic
translation; C:cytosolic large
ribosomal subunit; F:poly(A)
RNA binding
P:cytoplasmic translation;
C:cytosolic large ribosomal
subunit; P:rRNA processing;
P:translational initiation;
F:poly(A) RNA binding; P:viral
transcription; C:nucleus;
C:extracellular exosome;
F:protein binding

Table AB1. Continued
comp83501_c0_seq2

40S ribosomal S23

F:structural constituent of
ribosome; C:small ribosomal
subunit; P:translation

comp83547_c2_seq1

arrestin homolog

P:signal transduction

comp83550_c0_seq3

histone –like

comp83594_c0_seq1

light-harvesting complex

C:nucleus; F:DNA binding;
F:protein heterodimerization
activity; C:nucleosome; F:FBXO
family protein binding
P:photosynthesis, light
harvesting; F:binding

comp83652_c0_seq1

40S ribosomal SA

comp83877_c0_seq2
comp83892_c0_seq1

MSP domain
V-type proton ATPase 16 kDa
proteolipid subunit

comp84196_c0_seq1

Cuticle 6

comp84622_c0_seq1

light harvesting
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P:hermaphrodite genitalia
development; C:cytosolic small
ribosomal subunit; P:embryo
development ending in birth or
egg hatching; P:endonucleolytic
cleavage in ITS1 to separate
SSU-rRNA from 5.8S rRNA and
LSU-rRNA from tricistronic
rRNA transcript (SSU-rRNA,
5.8S rRNA, LSU-rRNA);
P:ribosomal small subunit
assembly; P:reproduction;
P:translation; P:rRNA export
from nucleus; P:endonucleolytic
cleavage to generate mature 3'end of SSU-rRNA from (SSUrRNA, 5.8S rRNA, LSU-rRNA);
F:protein binding; F:structural
constituent of ribosome;
P:nematode larval development;
P:apoptotic process; C:90S
preribosome; P:molting cycle,
collagen and cuticulin-based
cuticle
F:protein binding
P:ion transport; F:hydrogen ion
transmembrane transporter
activity; C:proton-transporting Vtype ATPase, V0 domain;
P:single-organism cellular
process; C:vacuole; F:hydrolase
activity
F:nucleic acid binding;
C:membrane; F:structural
constituent of cuticle
C:membrane; F:pigment binding;
F:chlorophyll binding;

Table AB1. Continued
comp84858_c0_seq5

40S ribosomal S2

F:RNA binding; F:structural
constituent of ribosome;
C:cytosolic small ribosomal
subunit; C:nuclear chromosome;
C:nucleolus; P:translation

comp85078_c0_seq2

elongation factor 1- partial

F:GTP binding; F:translation
elongation factor activity;
C:cytoplasm; F:GTPase activity;
P:translational elongation

comp85126_c1_seq2

isoform a

comp85518_c0_seq3

tubulin beta chain

comp85593_c0_seq3

ASpartyl Protease

comp85624_c0_seq1

nematode cuticle collagen
domain

comp85624_c0_seq2

nematode cuticle collagen
domain

comp85995_c0_seq7

Uncharacterized protein
F082_1597

P:lipid storage; P:nematode larval
development; P:locomotion;
C:collagen trimer; P:body
morphogenesis; C:integral
component of membrane;
F:structural constituent of cuticle;
P:receptor-mediated endocytosis
C:integral component of
membrane

comp86154_c0_seq1

eukaryotic aspartyl protease

C:cell part; C:extracellular region

comp86254_c1_seq1

fucoxanthin chlorophyll a c 8

comp86254_c1_seq3

fucoxanthin chlorophyll a c 8

F:pigment binding;
C:photosystem II; C:integral
component of membrane; C:lightharvesting complex; P:proteinchromophore linkage;
F:chlorophyll binding; P:response
to light stimulus;
P:photosynthesis, light harvesting
in photosystem
F:pigment binding;
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F:GTP binding; C:cytoplasm;
F:GTPase activity; P:metabolic
process; F:structural constituent
of cytoskeleton; C:microtubule;
P:microtubule-based process
P:protein metabolic process;
C:cytoplasm; P:innate immune
response; F:peptidase activity;
C:external side of apical plasma
membrane
P:endoplasmic reticulum
unfolded protein response;
C:membrane

Table AB1. Continued
comp86254_c1_seq7

fucoxanthin chlorophyll a c 8

comp86254_c1_seq8

fucoxanthin chlorophyll a c 8

comp86578_c0_seq1

cuticle collagen 6

comp86672_c0_seq1

hypothetical protein
THAOC_28600

comp86751_c0_seq1

Elongation factor 1-alpha

comp86751_c0_seq2

elongation factor 1-alpha

comp87315_c0_seq2

Cathepsin L

comp87591_c0_seq6

sodium glucose cotransporter 4like

comp87935_c0_seq1

hypothetical protein
THAOC_21438
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F:pigment binding;
C:photosystem II; C:integral
component of membrane; C:lightharvesting complex; P:proteinchromophore linkage;
F:chlorophyll binding; P:response
to light stimulus;
P:photosynthesis, light harvesting
in photosystem I; C:chloroplast
thylakoid membrane
F:pigment binding;
C:photosystem II; C:integral
component of membrane; C:lightharvesting complex; P:proteinchromophore linkage;
F:chlorophyll binding; P:response
to light stimulus;
P:photosynthesis, light harvesting
in photosystem I; C:chloroplast
thylakoid membrane
C:collagen trimer; C:integral
component of membrane;
F:structural constituent of cuticle

F:GTP binding; F:translation
elongation factor activity;
C:cytoplasm; F:GTPase activity;
C:integral component of
membrane; P:translational
elongation
F:GTP binding;
F:nucleotidyltransferase activity;
F:translation elongation factor
activity; C:cytoplasm; F:GTPase
activity; P:translational
elongation
C:chloroplast; C:plasmodesma;
C:cytoplasmic stress granule;
F:protein binding; C:apoplast;
P:proteolysis; C:cytoplasmic
mRNA processing body;
F:cysteine-type peptidase activity
C:integral component of plasma
membrane; F:symporter activity;

Table AB1. Continued
comp88024_c0_seq1

chitooligosaccharidolytic beta-Nacetylglucosaminidase
Chitooligosaccharidolytic beta-Nacetylglucosaminidase

F:hydrolase activity

F:hydrolase activity

comp88029_c0_seq1

Chitooligosaccharidolytic beta-Nacetylglucosaminidase
chitooligosaccharidolytic beta-Nacetylglucosaminidase
phosphoglycerate kinase

comp88050_c0_seq2

heat shock 70 partial

comp88080_c0_seq4

photosystem II 12 kDa extrinsic

comp88200_c0_seq2

cysteine protease

comp88267_c0_seq1

Cathepsin L

comp88530_c0_seq4

GH9 family

comp88554_c0_seq1

AN1-type zinc finger 2B

P:proteolysis; F:cysteine-type
peptidase activity
P:cellulose catabolic process;
F:cellulase activity;
F:polysaccharide binding
F:metal ion binding

comp88554_c0_seq2

AN1-type zinc finger 2A

F:metal ion binding

comp88640_c2_seq4

PREDICTED: uncharacterized
protein LOC658141 isoform X1

comp88735_c0_seq2

PREDICTED: uncharacterized
protein LOC105696933 isoform
X3

comp88763_c0_seq10

tubulin beta-1 chain-like

comp88974_c0_seq1

Cuticlin-1

comp88024_c0_seq2
comp88024_c0_seq3
comp88024_c0_seq4
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F:hydrolase activity

F:hydrolase activity
F:ATP binding; C:chloroplast;
F:phosphoglycerate kinase
activity; P:glycolytic process;
P:reductive pentose-phosphate
cycle; C:integral component of
membrane
F:ATP binding
C:chloroplast; P:photosystem II
stabilization; F:pigment binding;
C:photosystem II oxygen
evolving complex; C:extrinsic
component of membrane;
F:chlorophyll binding; P:response
to light stimulus;
P:photosynthesis, light harvesting
in photosystem I
F:hydrolase activity

F:hydrolase activity, acting on
carbon-nitrogen (but not peptide)
bonds; P:carbohydrate metabolic
process; F:chitin binding; P:chitin
metabolic process; C:extracellular
region
F:GTP binding; C:cytoplasm;
F:GTPase activity; P:metabolic
process; F:structural constituent
of cytoskeleton; C:microtubule;
C:integral component of
membrane

Table AB1. Continued
comp88974_c0_seq11

zona pellucida-like domain

C:integral component of
membrane

comp88974_c0_seq4

Cuticlin-1

C:membrane

comp88974_c0_seq7

zona pellucida-like domain

C:integral component of
membrane

comp89326_c0_seq1

crustin 2

comp89550_c0_seq1

Chitinase

comp89626_c0_seq1

zinc transporter 1

comp90865_c0_seq1

Endocuticle structural glyco bd-1

F:peptidase inhibitor activity;
C:extracellular region; P:negative
regulation of peptidase activity
P:chitin metabolic process;
F:hydrolase activity, hydrolyzing
O-glycosyl compounds
P:cation transport;
P:transmembrane transport;
C:membrane
C:extracellular space; F:structural
constituent of cuticle

comp91633_c0_seq1

chondroitin proteoglycan-2-like

comp92017_c0_seq1

succinyl- ligase [GDP-forming]
subunit mitochondrial

comp92122_c0_seq1

Profilin conserved site domaincontaining

comp92607_c0_seq1

small subunit ribosomal partial

comp92758_c0_seq1

ribonucleoside-diphosphate
reductase

comp92803_c0_seq1

replication-relaxation family

comp93368_c0_seq1

osteoclast-stimulating factor

comp93889_c0_seq1

60S ribosomal L21-1

comp93995_c0_seq1

60S ribosomal L11

comp94162_c0_seq1

40S ribosomal S28
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F:chitin binding; P:chitin
metabolic process; C:extracellular
region
F:succinate-CoA ligase (GDPforming) activity; F:cofactor
binding; C:cytoplasmic part;
P:phosphorus metabolic process;
P:carboxylic acid metabolic
process; P:primary metabolic
process
C:cytoskeleton; F:actin binding;
C:cell cortex; P:actin
cytoskeleton organization;
P:regulation of biological process
C:intracellular ribonucleoprotein
complex; C:cytoplasm
P:metabolic process

F:structural constituent of
ribosome; C:cytosolic large
ribosomal subunit; P:translation
F:structural constituent of
ribosome; C:cytosolic large
ribosomal subunit; P:ribosomal
large subunit assembly
P:rRNA export from nucleus;
F:structural constituent of
ribosome; C:cytosolic small
ribosomal subunit

Table AB1. Continued
comp94293_c0_seq1

copia-like retroelement pol poly
found

P:vacuolar transport;
C:intracellular

comp94746_c0_seq1

unconventional myosin-VIpartial

comp95416_c0_seq1

transketolase

C:myosin complex; F:ATP
binding; F:actin binding;
P:metabolic process; F:motor
activity
F:transketolase activity; F:metal
ion binding; P:metabolic process

comp95502_c0_seq1

cytochrome c oxidase subunit II
(mitochondrion)

comp95763_c0_seq1

thymidylate synthase

comp95967_c0_seq1

heat shock 70 partial

comp96375_c0_seq1

ribonucleoside diphosphate
reductase

comp96389_c0_seq1

40S ribosomal S3a

comp96585_c0_seq1

eukaryotic translation initiation
factor 5A-2

comp96811_c0_seq1

60S ribosomal L18a
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F:cytochrome-c oxidase activity;
C:respiratory chain complex IV;
F:metal ion binding;
C:mitochondrion; P:hydrogen ion
transmembrane transport;
P:oxidation-reduction process
P:pyrimidine
deoxyribonucleotide biosynthetic
process; F:methyltransferase
activity
F:ATP binding

F:catalytic activity; P:primary
metabolic process; P:organic
substance metabolic process
P:chordate embryonic
development; F:structural
constituent of ribosome;
C:cytosolic small ribosomal
subunit; P:translation
F:translation initiation factor
activity; P:positive regulation of
translational termination;
F:translation elongation factor
activity; F:ribosome binding;
P:translational frameshifting;
P:translational initiation;
P:positive regulation of
translational elongation
F:ATP binding;
F:nucleotidyltransferase activity;
F:structural constituent of
ribosome; C:integral component
of membrane; F:protein kinase
activity; C:cytosolic large
ribosomal subunit

Table AB1. Continued
comp97870_c0_seq1

60S ribosomal L29

F:structural constituent of
ribosome; P:cytoplasmic
translation; C:cytosolic large
ribosomal subunit

comp98877_c0_seq1

Rho GTPase

comp98976_c0_seq1

elongation factor 2

F:GTP binding;
P:nucleocytoplasmic transport;
P:small GTPase mediated signal
transduction; F:GTPase activity;
C:membrane; P:metabolic
process; P:intracellular protein
transport; C:intracellular
F:GTP binding; P:hermaphrodite
genitalia development;
F:translation elongation factor
activity; C:cytoplasm;
P:nematode larval development;
P:oogenesis; F:GTPase activity;
P:determination of adult lifespan;
P:embryo development ending in
birth or egg hatching; P:apoptotic
process; P:translational
elongation; P:growth

comp99909_c0_seq1

hypothetical protein
SARC_06774
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